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Abstract

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Like other coronaviruses, it is an
enveloped virus with a large (about 30kb) single-stranded positive RNA
genome. An important feature of viruses belonging to this family is the
expression of a surface protein called Spike, which is responsible for receptor
binding and membrane fusion. Specifically, SARS-CoV-2 Spike protein binds,
via its S1 domain, the angiotensin-converting enzyme 2 (ACE2) on host cells,
promoting infection. Subsequent proteolytic cleavage of the S2’ site of Spike,
operated by the TMPRSS2 (transmembrane protein serine 2) protease located in
the plasma membrane, leads to its activation, i.e., exposure of the fusogenic
peptide, resulting in fusion of the virus membrane with the host plasma
membrane. Alternatively, in case that target cells do not express TMPRSS2, the
virus can be internalized via endocytosis and activated in endosomes, where
cathepsins cleave the S2' site and promote the fusion of the viral membrane with
the endosomal membrane. Upon fusion, SARS-CoV-2 releases its genome into
the cytoplasm of the host cells to be translated to generate all the proteins that
allow its replication. Two-thirds of human coronaviruses genome translates for
two overlapping open reading frames (ORF1a and ORF1b), which generate two
polyproteins (ppla and pplab) to generate all the components needed for the
replication. The polyproteins are then further processed by two viral proteases
to generate 16 nonstructural proteins (nspl-16), which are involved in different
stages of the replication cycle. Of these, the nonstructural membrane proteins
NSP3, NSP4, and NSP6, have been shown to play critical roles in cell membrane
rearrangement, promoting the formation of replication organelles (ROs). In this
compartment, viral RNA synthesis occurs. Many aspects of this process are still
unclear, mainly how SARS-CoV-2 can use the cellular machinery to perform its

functions.



Therefore, we analyzed the process of RO biogenesis by expressing NSP3,
NSP4, and NSP6 proteins alone or in combination. In particular, while the role
in the formation of DMVs has been reported for NSP3 and NSP4, we focused
on analyzing the unidentified role of NSP6.

To monitor the formation of ROs, we exploited advanced microscopy techniques
such as electron microscopy (EM), immuno-EM (IEM), and correlated light
electron microscopy (CLEM) that allowed us to dissect the structural features of
ROs. The NSP6-induced structures are composed by zippered ER with no

luminal space .

Electron microscopy analysis of SARS-CoV-2-infected cells showed structures
similar to those observed expressing NSP3, NSP4, and NSP6 proteins,
confirming the relevance of our observations obtained with recombinant viral

proteins.

Furthermore, FRAP analysis experiments on NSP6 transfected cells, determined
this compartment as a molecular filter, accessible only to membrane proteins
with small luminal tracts and especially lipids, that support replicative niche
formation. The amphipathic tail of NSP6 could play the leading role in
contacting LDs and bringing them closer to ROLs. The zippering activity of
NSP6 was associated with the ability of the protein to homodimerize, analyzed
by immunoprecipitation experiments. The higher the homodimerization
efficiency, the higher the zippering activity, as we found in the NSP6(ASGF).
Interestingly, by interfering with the formation of NSP6 structures using K22

compound, DM Vs results altered , both on transfected and infected cells.

In conclusion, we unveiled NSP6 as a key player during the ROs formation that

could be targeted to identify novel treatments for COVID-19 disease.



1.Background

1.1 COVID-19

1.1.1 Coronavirus pandemics

Coronaviruses are large, positive-stranded, enveloped RNA viruses belonging to
Nidovirales. The Nidovirales can be divided into three families: Arteriviridae,
Roniviridae, and Coronaviridae. The last includes the Toroviridae and
Coronaviridae. The Coronaviridae (called CoVs) are divided into 4 genera:
alpha, beta, delta, and gamma (ICTV Virus Taxonomy: 2019 Release). Among
them, CoV alpha and beta are known to infect humans'. In particular, four HCoV
strains (HCoV 229E, NL63, OC43, and HKU1) are known to be endemic
globally and are responsible for 10-30% of upper respiratory tract infections in
adults, generally causing mild upper respiratory illness?*>. However, in the past
two decades, spillover events, which cause a switch from a reservoir species to
a new host species, have led to the emergence of as many as three highly
pathogenic Coronaviruses in the human population that can cause severe
respiratory illness: Severe Acute Respiratory Syndrome Coronavirus (SARS-
CoV), which emerged in 2002, Middle East Respiratory Syndrome coronavirus
(MERS-CoV), which appeared in 2011, and the most recent, Severe Acute
Respiratory Syndrome coronavirus 2 (SARS-CoV-2), which emerged in 2019 *.
Unfortunately, nearly 20 years later, the factors associated with animal-to-
human transmission remain poorly understood. The spread of SARS-CoV,
associated with droplet exchange, showed low infection efficiency and high viral
load required for transmission’. Symptoms encountered were fever, cough,
dyspnea, and occasionally watery diarrhea. Mechanical ventilation was required

in 20-30% of cases, and 10% died, with higher mortality rates in elderly patients



and those with medical comorbidities®. The only measure to contain the spread
of SARS was a strict quarantine, as no vaccine was available. Unlike SARS-
CoV, MERS was characterized by sporadic zoonotic transmission and limited
human spread. Subsequently, it spread worldwide, mainly to 27 countries,
showing a higher mortality rate (34%) than SARS-CoV. Related symptoms were
much more severe than those observed for SARS, with prominent
gastrointestinal symptoms and often acute renal failure. In 2017, SARS-CoV and
MERS-CoV were listed as priority pathogens by the World Health Organization
(WHO) to stimulate research and development of countermeasures against
CoVs. After only two years, on December 31, 2019, cases of pneumonia were
reported in Wuhan, China. The rapid spread and transmission of Coronavirus
Disease-19 (COVID-19) among the global population has reached pandemic
proportions affecting all continents. On March 11, 2020, the epidemic was

declared a global pandemic.

Phylogenetic analysis of SARS-CoV-2 demonstrated that it belongs to the
genera Betacoronavirus, subgenus Sarbecovirus 6. Initial investigations showed
that the sequence shares 79.6 % similarity with SARS-CoV and 50 % identity
with the sequences of MERS-CoV ’. Regarding the origin of MERS-CoV and
SARS-CoV, it is hypothesized that they may have been derived from bats and
were later associated with dromedary camels and palm civets, respectively, as
intermediate hosts®® The genome of SARS-CoV-2 shows a whole-genome
similarity of 96.2% with a bat Coronavirus, BatCoV RaTG13 '°. Despite this, it
has been suggested that the spread of BatCoV in humans may have been
facilitated by the help of an intermediate host, and pangolins seem to be good

candidate '

The observed mortality rate for SARS-CoV-2 appears to be lower than for
SARS-CoV and MERS-CoV. Reported symptoms range from mild (chills, fever,
cough, sore throat, loss of taste and smell, nausea, and diarrhea) to severe

(dyspnea, chest pain, and, in some cases, even acute respiratory distress



syndrome - ARDS) to multi-organ failure in the most critical cases. Patients
show an incubation period of 1 to 14 days, followed by a symptomatic phase of
7 to 14 days. Severe manifestations of the disease may occur in patients with
other reported conditions, such as diabetes, heart disease, or chronic lung

inflammation '2.

1.2 SARS-CoV-2 and its variants

1.2.1 SARS-CoV-2 emerging variants

Since the beginning of the pandemic, numerous mutations have been reported in
the genome of SARS-CoV-2. SARS-CoV-2, like all members of the
Coronaviridae family, has a single-stranded positive viral genome between 27
and 32 kb in length that is subsequently translated into large polyproteins, which
are cleaved into viral proteins'® 7 Interestingly, RNA viruses generally mutate
rapidly due to the lack of correction activity during their replication cycle'*!>
Unlike other RNA viruses, Coronaviruses rarely acquire mutations because they
have a correction mechanism mediated by the 3'-5' proofreading exoribonuclease
NSP14 through its N-terminal domain'®. The sequences of SARS-CoV-2
variants have been phylogenetically organized into clades and genetic lineages.
Hence, the same viral variant is described by different names and mapped by
software such as GISAID (Global Initiative on Sharing Avian Influenza Data),
NEXTSTRAIN (an open-source project created to update publicly available
pathogen genome data constantly), and PANGO (Phylogenetic assignment of
the named global epidemic); recently WHO decided to label variants that follow
the Greek alphabet.



In general, based on the severity that each viral variant presents to the population,
this classification was drawn up by the Center for Disease Control and

Prevention (CDC)!":

e Variants of Interest (VOIs) are the variants that are predicted to generate

an epidemiological advantage, but without any evidence (Table 1).

WHO label | Lineage Country first | Year and
detected month first

detected

May 2022

m BA.2.75 India

Table 1. Summary of VOlIs described in the last year.

e Variants of concern (VOCs) are the variants for which there is evidence

for an epidemiological advantage (Table 2).

South Africa November 2021

m BA.4 South Africa January 2022
BA5 South Africa February 2022

Table 2. Summary of VOCs described in the last year.

WHO label Lineage Country first Year and month
detected first detected

e Variants of High Consequence, for which there is evidence that
preventive medical countermeasures (MCMs) significantly reduce their

effectiveness compared to other circulating variants.

1.2.2 SARS-CoV-2 genome



The genome contains a 3’ untranslated region (UTR) replication and
transcription complex (RTC) binding site, which is essential for replication and
transcription of the negative-sense intermediate RNA (-RNA) and also a 5'-
GGAAGAGC-3' octanucleotide sequence with unknown function, and a
nonessential hypervariable region (HVR)!®. It is assumed that the
polyadenylation process of viral RNA is performed by NSPS8, the viral
adenylyltransferase, although there is no canonical sequence of the AAAAA
polyadenylation signal. Instead, at the 5" UTR of the SARS-CoV-2 genome there
are a 5'-leader 72 nt long, a basic transcriptional regulatory sequence (TRSL,
ACGAACQ), cis-elements involved in viral translation, subgenome synthesis, and
viral genome packaging, and elements for resistance to viral mRNA

degradation!®?

The first two-thirds of the viral genome codes for two open reading frames
(ORFla and -b), from which all non-structural viral proteins (NSPs) are

derived?!?? (Figure 1).

Ribosome frameshifting signal

| 6+ 7a
so I TR Yz ) N o

gl [ ORF1b Er

j
v v v YV VVVVVY
pprali] 2 | 3 | 4 s [e[7[8[sa]} 11 Y VvV VvV vV
[ 12 [ 13 | 14 [15] 16] pp1ab
nsp5 ¥ | | maturation
v v
3CLpro *N7-MTase | [2'0O-MTase
wl I I EEamaE
‘ 2] [Ge] [GaT] [Gs] [Ge]
Cellular mRNAs IAc, XD, Y, | DMV ‘ RdRp | [ ssRNA- ; T T
translation PLP2, TM formation | | cofactors | |binding | [TNj “RTP:
inhibition I protein :ﬂ:q pend: .?'Tg'a FSI:JA ol
>/ RNA poly heli

Figure 1. The RNA genome encodes NSPs, structural and accessory proteins. The nonstructural proteins
are encoded by ORF1a and ORF1b. Cap-dependent translation begins at ORF1a and produces ppla, formed
by NSP1-11, or pplab, a more extended polypeptide that includes NSP12—16. The structural and accessory
proteins are synthesized by translating their respective subgenomic mRNAs. Reprinted from “Replication
of the coronavirus genome: A paradox among positive-strand RNA viruses”, Grellet et al., 2021, Journal of
biological chemistry.
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Specifically, the translation of ORF1a/b is subject to frameshift whereby it can
produce either a shorter polyprotein (the 440-500-kDa ppla, which includes
NSPs 1-11) or a longer polyprotein (the 740-810-kDa pplab, which produces for
NSPs 1-to-16), depending on the stop codon located in the overlap region
between ORFla and ORF1b?. This is a highly controlled mechanism for
producing the nonstructural proteins derived from ORFla that perform their
main primary action in preventing the initial immune response and act as
cofactors in the replication and transcription processes to allow subsequent
replication and transcription by ORFI1b-encoded proteins. The proteolytic
process of ppla and pplab is required for the release of individual nonstructural
proteins, which is carried out by NSP3, which contains a papain-like protease
(PLpro) that catalyzes the proteolytic cleavage of NSPs upstream of NSP4; and
NSPS5 which contains a cysteine protease similar to chymotrypsin (3CLpro),
which is considered the main protease and catalyzes the proteolytic cleavage of
all NSPs downstream of NSP4 (Figure 1)**. In addition to participating in the
replication process, NSPs play an important role in generating the replicative
compartment in which replication occurs. See the following section "Biogenesis

of DMVs."

The genome also codes for structural proteins (S, E, M, and N) involved in virion
formation and for accessory proteins (3a, 6, 7a, 7b, 8, and 9b) some of which are

predicted to have anti-IFN activity®.

How SARS-CoV-2 hijacks the host translation machinery to produce viral

proteins remains largely unexplored.

1.3 SARS-CoV-2 life cycle
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Nonstructural, structural, and accessory proteins control the life cycle of SARS-
CoV-2 in host cells: Entry, Replication, Assembly and Egress (Figure 2).
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Figure 2. Schematic representation of SARS-CoV2life cycle: Entry, Replication, Assembly and Egress. A, The
coronavirus virion is composed of structural proteins: spike (S), envelope (E), membrane (M), nucleocapsid
(N). Inside the capsid is located the single-stranded positive RNA genome. B, Entry is mediated by S
interactions with cellular receptors such as angiotensin-converting enzyme 2 (ACE2), together with host
factors (such as the cell surface serine protease TMPRSS2) or through the endosomal pathway. Once
entered, the genome is released into the cytosol and genomic RNA is immediately translated into ORFla
and ORF1b from which the polyproteins ppla and pplab are derived. Ppla and pplab are processed into
the individual nonstructural proteins (NSPs) that form the viral replication and transcription complex. The
nsps direct the biogenesis of the viral replication organelles, the double membrane vesicles (DMVs). The
translated structural proteins translocate to the ER-Golgi intermediate compartment (ERGIC), where RNA
is encapsidated within the virion. Finally, virions are secreted from the infected cell by exocytosis. Reprinted
from the “Coronavirus biology and replication: implications for SARS-CoV-2”, V’kovski et al., 2020, nature
reviews microbiology.

1.3.1 Entry
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As previously mentioned, the SARS-CoV-2 genome is an approximately 30 kb
(+) single-strand genome coated with nucleocapsid protein (N), which encloses
and protects the viral genome. The high helical symmetry of the nucleocapsid
protein makes it very flexible?®. Nucleocapsid is surrounded by lipid bilayer
containing the three membrane proteins spike (S), membrane (M), and envelope
(E), to form the viral particles. SARS-CoV-2 viral infectious particles can be
spherical and pleomorphic, with a size of approximately 100 nm.

The virion envelope is enriched with Spike (S) proteins organized in trimers,
giving the virion a characteristic bulb shape reminiscent of a solar crown-like
appearance for which scientists have coined the name 'Coronavirus”'?’,

The trimeric glycoprotein S is involved in host tropism, receptor binding,
membrane fusion, and the induction of antibodies.

Each subunit of S consists of two domains, S1 and S2. S1 contains the N-
terminal domain (NTD) and the receptor binding domain (RBD) and promotes
binding to the host cell receptor. Differently, the S2 subunit is composed of the
fusion-peptide (FP), the heptad repeat 1 (HR1), the central helix (CH), the
connector domain (CD), the heptad repeat 2 (HR2), the transmembrane motif
(TM) and the cytoplasmic tail (CT), and mediates membrane fusion to allow the
virus to enter the host's cytoplasm (Figure 3). For entry to occur, the S protein
fusion activity must be activated through a complex process that requires
proteolytic cleavage at two sites. The first cleavage site, a short polybasic
sequence (RRAR), is located at the S1/S2 boundary and leads to conformational
changes in the S2 domain, placing the S1/S2 site in the prefusion conformation.
The second cleavage site is located within the S2 domain (S2') before the fusion
peptide (FP), which drives the fusion of viral and cell membranes to release the
N-coated RNA genome into the cytoplasm.

The S protein recognizes ACE2, angiotensin converting enzyme-2 receptor.
Recognition of ACE2 is mediated by the RBD sequence, which differs from that
of SARS-CoV (Y442, 1443, L472, N479, T487) by 5 crucial residues (L455,
F456, F486, Q493, N501) in SARS-CoV-2 that increase its affinity for the

13



receptor. Notably, the RBD contains five antiparallel B-sheets that assemble to
form the core. The receptor binding motif (RBM) is located between the 4 and
7 filaments, acting as a crucial element for binding to ACE2.

ACE2 is expressed in most organs, particularly lung and small intestinal
epithelia. A cell surface peptidase hydrolyzes angiotensin II, the central player
in the renin-angiotensin-aldosterone system (RAAS).

Once the S protein binds the ACE2 receptor, it is cleaved by the host cell surface
transmembrane serine protease (Furin) at the S1/S2 and (TMPRSS2) at S2' sites,
promoting structural changes of the S protein and its subsequent exposure of the

fusion peptide (FP) (Figure 3)*%.

1

' =,
Pe g
' ' a éagg %
“' ﬂ TMPRSS2 4 4
- s Furin i & \A pe
3 ActivatedS2 ' —_— %
4

Figure 3. SARS-CoV-2 Spike protein binds to the angiotensin-converting enzyme 2 (ACE2) to enter target
cells. After receptor binding (1), the virus S protein is cleaved by proteases such as furin/TMPRSS2 into S1
and S2 subunits (2) that mediates S2-assisted fusion (3) and the release of the viral genome (4)—reprinted
from “In silico investigation of the new UK (B.1.1.7) and South African (501Y.V2) SARS-CoV-2 variants with
a focus at the ACE2-Spike RBD interface”, by Villoutreix et al., 2021, International Journal of Molecular
Sciences.

The cleavage of S protein by furin-like proteases leads to the formation of its
pre-fusion conformation. The pre-fusion form of the S protein comprises three
receptor binding domains (RBDs) surrounded by three copies of the N-terminal
domain.

The prefusion conformation involves the exposure of the receptor binding
domain (RBD), which is located above the fusion core formed by Spike trimers.
In the closed prefusion conformation all three copies of the RBD occlude the
receptor binding site, while in the open prefusion conformation one or more

RBDs are raised to expose the receptor binding site. Once receptor binding has
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occurred, it switches from the prefusion conformation to the post fusion

conformation, where the fusion peptide and the transmembrane domain of ACE2

come together (Figure 4)%°.

Prefusion Postfusion 3 closed RBDs 1 open RBD 2 open RBDs
n?f *

Figure 3. Structures of pre-fusion
and post-fusion trimers of the S
protein. (b) Possible conformations
of the pre-fusion trimer. It is
reprinted from “Structures and
distributions of SARS-CoV-2 spike
proteins on intact virions”, by Ke,
Z., et al.,, 2020, Nature, 588, 498—
502.

Alternatively, the second virus entry mechanism into the host cell occurs through
the endosomal pathway. In this case, the S2’ cleavage of the S protein is carried
out by endosomal "cathepsin" proteases. The S protein contains amino acid
sequences susceptible to cleavage by cathepsins B, K, L, S, and V, which
mediate the fusion of the viral envelope with the endosomal membrane *°. In
either case, through the fusion of the plasma membrane or endosome, the viral

RNA genome is released once the viral nucleocapsid enters the cytoplasm

(Figure 5).
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Figure 5. Entry of SARS-CoV-2. Membrane fusion, upon binding to the host cell receptor ACE2, the SARS-
CoV-2 spike protein can be cleaved at the S1/S2 site by furin, which leads to conformational changes that
expose the S2' site for cleavage by TMPRSS2, that results in viral-human cell fusion at the plasma
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membrane. Endocytosis, if separation of both sites does not occur at the cell surface after receptor binding,
the virion may be endocytosed. Cathepsins within the endosome or lysosome can then cleave the spike
protein to activate the spike protein and, then, the membrane fusion. Reprinted from “Cell entry by SARS-
CoV-2”, by Peng et al., 2021, Trends in Biochemical Sciences.

1.3.2 Replication and transcription

The NSPs are involved in the formation of replication and transcription
complexes (RTCs)?!. Coronavirus genome replication synthesizes the negative-
strand RNA, which becomes a template for generating positive-strand genomes
that are subsequently packaged into virions.

Negative-strand synthesis is aided by the interaction of the N protein with the
poly(A) tail and the 5' end of the genome to bring these elements closer’’. RTCs
are also involved in the synthesis of subgenomic mRNAs (sg mRNAs), which
encode for ORFs located at the 3' end of the genome.

Specifically, sg mRNAs arise from the 5' end of the viral genome and inherit the
same 5' leader sequence through a discontinuous transcription mechanism
(Figure 6).

During negative-strand synthesis, the RNA-dependent RNA polymerase (RdRp)
may stop at specific regions called transcription regulatory sequences (TRS),
causing early termination of RNA synthesis. TRS regulatory elements are
located downstream of the leader sequence at the 5' end of the genome (TRS-L)
and at the 5' end of each viral ORF (TRS-B), except for ORFla and ORF1b. The
RdRp complex, once transcription is initiated at the 3' end of the positive-sense
genome, copies the TRS-B sequences and can jump from a given TRS-B to TRS-
L on the nascent sgRNA at the 5' end of the genome, thus allowing transcription
of the 5'-terminal leader sequence and generation of a shorter sg negative strand,

which is used to generate positive-stranded sg mRNA (Figure 6).
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Figure 6. Discontinuous transcription. The RdRp complex initiates transcription at the 3’ end of the positive-
sense genome (1). Upon copying the TRS-B sequence (2), the RdRp complex may “jump” to the TRS-L
sequence (3) owing to the complementarity between the TRS-B sequence on the nascent sg RNA and the
end TRS-L sequence on the genome. Transcription is resumed on the new template, and the leader
sequence (shown in red) is copied to complete the negative-strand sg RNA. The RdRp complex does not
always switch templates at TRS-B sequences, resulting in the synthesis of genome-length negative-strand
RNA. The negative-strand RNAs serve as templates for synthesizing genome-length positive-strand RNAs
or sg mRNAs. Reprinted from “The molecular virology of coronaviruses” by Hartenian et al., 2020, JCB
Review.

Coronavirus replication, transcription, and processing steps during infection are
mediated by the replication complex.

For many RNA viruses, replication depends mainly on RdRp activity and a small
number of cofactors. In contrast, coronaviruses use a multiprotein complex,
which involves an RARp (NSP12), viral cofactors (NSP7-8), a helicase (NSP13),
a single-strand binding protein (NSP9), a correction exonuclease (NSP14), other
cofactors (NSP10), and capping enzymes (NSP16) (Figure 7).

The binding of NSP8 facilitates the interaction of the NSP12-NSP7-NSP8
complex in binding RNA to NSP12 either as a single protein or as a heterodimer
(NSP7-NSP8).

NSP8 has polyadenylation activity but cannot incorporate other nucleotides on

heteropolymer templates, suggesting that it may not be a primase. In the RTC,
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NSP8 interacts with NSP9, a single-stranded nucleic acid (ss) binding protein
whose function is not yet known, probably to protect the viral genome from
cellular nucleases. The RTC also consists of NSP13, a 5 '--> 3' helicase that
interacts with NSP12 and various other components. In addition, NSP13 also

possesses 5'-triphosphatase activity, suggesting a role in RNA capping>?.
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Figure 7. Shown is a model of how the different proteins in the coronavirus replisome come together on
the viral negative-strand while synthesizing the positive-strand RNA. The core replicase is predicted to
consist of the RdRp (NSP12), processivity factors (NSP7-8), and ExoN complex (NSP14, NSP10). The helicase
is shown to be unwinding the dsRNA ahead of the replisome, and the SSB (NSP9) is shown as a dimer
protecting single-stranded regions of the RNA. The 29-O-MTase (NSP16), which is predicted to be involved
in RNA capping, is also indicated. Reprinted from “The molecular virology of coronaviruses” by Hartenian
etal.,, 2020, JCB Review.

As we have seen, the coronavirus genome encodes specialized mechanisms to
contain the mutational load. Coronaviruses encode an NSP14 exonuclease that
acts as a proofreader for high-fidelity replication and genome integrity.

As reported in the GISAID website, the mutation rates of SARS-CoV-2 are
lower (10”7) than in most RNA viruses (107). Mutations at NSP14 alter the error
rate, similar to that observed in other RNA viruses. NSP14 interacts with the
tripartite NSP12-NSP8-NSP7 complex, reflecting its role in proofreading during
transcription/replication. NSP10 is part of the exonuclease complex together
with NSP14. Specifically, it participates in the catalytic activity of NSP14-ExoN

to remove a mismatched nucleotide at the 3' end of the RNA. It also interacts
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with NSP16 (2'-O-MTase, a potential RNA-modifying enzyme), which is
predicted to be involved in RNA capping.

After transcription, all mRNAs produced are 5'-capped to assure viral mRNA
stability, initiation of translation, and escape from the cellular innate immune
system. Several enzymes are involved in RNA capping and are considered new
attractive targets for novel antiviral drugs. Specifically: NSP13 acts as a 5’-
triphosphatase removing the 5’y-phosphate from the 5’nucleotide’*; NSP14
catalyzes the addition of a methyl group at the N7 position of the guanosine;
NSP16 promotes the insertion of an additional methyl group at a 2°-O position
on the ribose of the 5’ nucleotide.

The first capping step begins with the hydrolysis of the y-phosphate to the 5' end
nucleotide by the NSP13 helicase. Subsequently, a guanosine monophosphate is
added to the RNA diphosphate by a guanylyl transferase carried out by the
NiRAN domain of NSP12. Then, guanosine is methylated at the N7 position,
probably by the N7-methyltransferase (MTase) activity residing in the C-
terminal part of NSP14. This step is essential to prevent recognition by the host
antiviral mechanisms, which usually promote the degradation of uncapped RNA
(recognized as "nonself" structures).

Finally, NSP16 methylates the first and second nucleotides at the 2°-O position
on the ribose of the 5’ nucleotide. The interaction between NSP16 and NSP10
improves RNA binding by NSP16°° (Figure 8).
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Figure 8. The sequential enzymatic action performed during viral mRNA 5’capping. NSP13 removes the
5’y-phosphate from the 5’ nucleotide generating the ppN-RNA; a GTase adds GMP to the 5’-terminus of
ppN-RNA; NSP10 and NSP14 cooperate to add a methyl group to form the capO structure; NSP10 and



NSP16. Methyl donor group: S-adenosyl methionine (SAM). Reprinted from “A Structural View of SARS-
CoV-2 RNA Replication Machinery: RNA Synthesis, Proofreading and Final Capping”, Romano, M., et al.,
2020, Cells, 9(5), 1267.

1.3.3 Viral packaging and egress

Viral packaging and egress involve several structural proteins that cooperate to
keep the viral particles functional: Nucleocapsid (N), Membrane (M), Envelope
(E), and Spike (S).

1.3.3.1 N protein

The Nucleocapsid protein (N) of SARS-CoV-2 is a 46 kDa monomeric protein
composed of 419 amino acids; it is a cytosolic protein consisting of several
domains: N-terminal region, which interacts with the viral RNA packaging
signal, an RNA-binding region; a serine/arginine-rich region; a central region
involved in phase separation; and the C-terminal region’® (Figure 9).

Once the RNA is synthesized within the double membrane vesicles (DMVs, see
below), it is immediately complexed by N. The N-RNA complex is organized
into subcomplexes of about 12 N-proteins, surrounding about 800 nucleotides,
forming a G-form known as ribonucleoproteins (RNPs)>’.

The central region of N and the RNA binding region are mainly involved in
condensing N with viral RNA. In the presence of RNA, the N protein assembles
into large oligomers, and these two regions play a central role in phase separation
with viral RNA. This phenomenon is regulated by phosphorylation of the
serine/arginine-rich region of N during the packaging process. The N-RNA
complex undergoes this phase separation from liquid to gel condensates due to
N-RNA interactions®®* Subsequently, N interacts with the membrane protein

M. On the one hand, N-RNA forms the liquid condensate; on the other hand, the
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interaction of N with M promotes incorporation into the particles forming the

gel-like condensate, suggesting a dual role of the N protein®.

1.3.3.2 M protein

M is a 222-amino acid glycoprotein of 25 kDa that localizes between the inner
side of the envelope and the nucleocapsid.

Coronavirus M is a transmembrane protein that act as a "bridge" between the
nucleocapsid and the lipid bilayer.

It is the most abundant structural protein. Its structure involves three
transmembrane domains (TMDs), a short glycosylated N-terminal domain, and
the C-terminal tail in the cytoplasm, also known as the endo-domain, which is
located in the inner part of the virion (Figure 9).

The C-terminal domain of M is critical for particle formation *°. Experiments
have shown that deletion of all domains except the C-terminal tail equally
promotes vesicle release*!.

The incorporation of the N-RNA complex into the particle is mediated by the
direct involvement of the carboxyl and amino terminals of M and N rather than
by the TMD or dimeric M-M interactions*? %,

Therefore, the interaction of RNA with M-N promotes the stability of the M tail
by keeping the M protein in a favorable conformation, which is probably
necessary to increase virion RNA genome stability and virion production**** .
When expressed alone, the M protein of SARS-CoV-2 localizes to the Golgi
apparatus and along the secretory pathway*®. In the Golgi, the M protein can be
N-glycosylated, as observed in infected cells*®. Since the assembly and
packaging of viral particles occur in the ER-Golgi Intermediate Compartment
(ERGIC), M protein may be transported into this compartment and assembled
with E, N, and S. This step could be related to the role of the N-glycosylated
form of M or exit from the Golgi through the secretory pathway.
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1.3.3.3 E protein

SARS-CoV-2 E protein is a small transmembrane integral protein of about 8.4
kDa, composed of 75 amino acids. The protein structure consists of a short N-
hydrophilic terminal domain, a large hydrophobic transmembrane domain
containing an amphipathic alpha-helix involved in forming a conductive pore,
and a C-terminal hydrophilic domain*’ (Figure 9). The E protein of SARS-CoV-
2 is localized in the ERGIC apparatus and Golgi, both in cis and medial cisternae.
Specifically, the N-terminus is oriented in the lumen of the ERGIC, and the C-
terminus toward the cytosol.

Recent studies have shown that tagging the E protein at the C-terminus results
in localization to the endoplasmic reticulum *®. This suggests that C-terminus
may play a role in interacting with other structural proteins involved in virus
assembly. One of the unique features of the coronavirus E protein is its ability to
self-oligomerize to create a pentameric ion channel, making this protein a
"viroporin"#->2. TMDs are involved in ion channel formation because they are
necessary for the oligomerization of E. The connections between E and M are
considered crucial in viral particle formation. Specifically, the E protein interacts
with M through its C-terminus***, Still, the stability of this binding is related to
ubiquitination changes at the N-terminus of M. Its C-terminus is also implicated
in the binding of the N protein. Recently, it has been shown that the interaction
between M and E increases the stability of M dimers by promoting better vesicle
release®. Optimal production of viral particles requires M, N, and E in the case
of SARS-CoV and SARS-CoV-2 with or without S. Notably, while M and N are
sufficient to form viral particles, the presence of E increases their production and

release >>.

S has already been described in the section “Entry”.
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Figure 9. Schemes and membrane topology of the structural SARS-CoV-2 proteins nucleoprotein (N) (A),
membrane (M) (B), viroporin envelope (E) (C), and spike (S). Reprinted from “Betacoronavirus Assembly:
Clues and Perspectives for Elucidating SARS-CoV-2 Particle Formation and Egress” by Bracquemond et al.,
2021, American Society for microbiology”.

1.3.4 The assembly and release of viral particles

Assembly is the process by which the viral RNA, wrapped in the nucleocapsid,
joins the envelope to form a single viral particle.

Once viral structural glycoproteins M, E, and S are synthesized in the ER they
move into the ERGIC where the assembly occurs.

N, along with viral RNA, is encapsulated in the forming virion in the membranes
at the ERGIC, where the budding takes place.

In coronavirus infections, virion egress is still a poorly understood process. In
particular, the cellular pathways that are used and the cellular co-factors that aid

this process are not yet known.
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Although there have been no extensive studies, it was initially hypothesized that
Coronaviruses, similarly to other enveloped viruses, could follow the
constitutive secretory pathway, Trans-Golgi-Network to PM, for exocytosis™*
(Figure 10, Route 1). This hypothesis was also supported by the observation of
the progressive disruption of the Golgi structure during CoV infection®.

In the work of Ghosh et al. (2020), a different egress mechanism from that
observed for other +RNA genome viruses was reported. Specifically, virus
particles assembled in the lumen of the ERGIC, trafficked to the TGN and
subsequently to lysosomes. Exit would be favored by exocytic lysosomes to the
PM. The process that promotes virion arrival at lysosomes is not established.
Among the hypotheses, it could be a direct TGN-lysosome pathway via late
endosomes/MVBs pathway, mediated by RAB7. Alternatively, retrograde
transport could bring virions back from the TGN to the ER/ERGIC, from which
they would traffic to lysosomes via late endosomes/MVBs*® (Figure 10, Route
3). Differently, in the work of Saraste et al., 2019, an alternative mechanism is
proposed involving the endosomal recycling system for egress in IBV
coronavirus infection. Once assembly to the intermediate compartment is
finished, RAB1-positive virions pass into less compact areas of the Golgi ribbon,
through microtubules, and enter the endocytic recycling circuit to the plasma
membrane (PM), which is regulated by Rab11°7 (Figure 10, Route 2).

As this remains a much-debated process for SARS-CoV2 infection, future work
should serve to elucidate these aspects and discriminate whether there is a single

egress pathway or whether several may exist.
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Figure 10. Egress of the CoV viral particles. Lower panel: After the replication of mRNAs in the DMVs, viral
structural proteins mediate the formation of viral-like particles (VLP). Vesicle accumulation occurs at the
intermediate compartment membranes and then is released to the extracellular space via 3 different
routes. Reprinted from “The life cycle and enigmatic egress of coronaviruses”, by Prydz et al., 2022,
Molecular Microbiology.

1.4 Replication Organelle (RO)

1.4.1 RO in positive stranded RNA viruses

All positive-stranded RNA viruses induce significant rearrangement of host cell
membranes to support every step of their life cycle. In particular, this process
aims to create a safe microenvironment where the most delicate stages of

replication can be carried out®®

. Indeed, viral replication occurs in specific
unique structures termed viral replication organelles (VROs) necessary to:
concentrate viral replicase and associated host proteins and viral RNAs; to
regulate the enzymatic activities and the replication process in space and time,
protect viral RNAs from recognition and degradation by the host's innate
immune defense. Thus, during infection, the RO becomes the niche where the
genome can replicate safely. ROs are generated by several host cell membranous

organelles, including the endoplasmic reticulum (ER), Golgi apparatus,

mitochondria, lysosomes, and plasma membrane.
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Among the + strand RNA viruses, many promote single-membrane vesicles
(SMVs) as their RO, which consist of invaginated or evaginated spherules (about
50-200 nm in diameter) in the membranes of different organelles®® ! (Figure
11A). These structures include a small pocket with a neck opening that would
allow import and export of material with the cytosol. In this regard, the three-
dimensional structure of ROs in flaviviruses has been solved by EM techniques.
In the work of Welsch et al. (2009), it was shown that the replication
compartment of DENV consists of 80-90 nm invaginated SMVs in the ER
lumen. The SMVs structures can often be organized into clusters called vesicle

packets (VPs).
Other single-strand positive RNA viruses, including Coronaviruses, promote RO

formation as Double Membrane Vesicles®*** (Figure 11B). (See the “The

DMYVs biogenesis” section).

A invaginated spherules B double-membrane vesicles

luminal space
M cytosolic space

Figure 11. Invaginated spherules and double-membrane vesicles (DMVs) by electron tomography.
Reprinted from “Multiscale Electron Microscopy for the Study of Viral Replication Organelles”, by Wolff et
al., 2021, Viruses.
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1.4.2 SARS-CoV-2 RO ultrastructure

Coronaviruses induce an elaborate vesicle-tubule network as ROs by exploiting
the membranes of the secretory pathway. These structures appear as vesicles
with a diameter between 200 and 400 nm and consist of an inner space
surrounded by a double membrane, that is in connection with the ER (Figure 11-
B)®.

Recently, the work of Cortese et al. (2020) reported precise information on the
structure of the RO of SARS-CoV-2 in infected Calu-3 cells by high-resolution

electron tomography analysis.

In particular, the 3D architecture of the RO was determined. 24 hours after
infection, DM Vs with a diameter of 291 + 48 nm is the dominant feature. Rarely
these structures show an opening connecting the vesicle interior to the cytosol.
The vesicles are formed by rough ER covered by ribosomes and are often
interconnected or bound by ER membranes. Association with the ER occurs
through smooth ER connectors with a narrow luminal space that connect DM Vs
to the rough ER. DMVs accumulate in the perinuclear region together with the

fragmented and stacked membranes of the Golgi apparatus and peroxisomes®.

Regarding the connectors of SARS-CoV-2, they appear to be structurally similar
to the zippered ER structures reported for avian infectious bronchitis virus (IBV)
gamma-CoV and, recently, for porcine delta coronavirus. It has been
hypothesized that during infection, the lumen of the connector may collapse as
a result of its elongation and form DMVs or that DMVs may form at one end
first and thereafter there is a collapse of the connector lumen. The biogenesis of
DMYVs and connectors and how these may coexist has not yet been established,
particularly whether these connectors can be a functional element in the
formation of DMVs. RNA replication, as seen for MERS-CoV and SARS-CoV,

occurs within DMVs. Electron microscopy experiments have revealed dsRNA
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and de novo synthesized RNA labeled with [3H]uridine, and recently, cryo-

electron microscopy experiments have confirmed this finding®-¢7-68

1.4.2.1 DMV biogenesis

The biogenesis of DM Vs remains a process that is still poorly understood.

It is very difficult to discriminate which intermediates form the entire
compartment since they are very rapid events difficult to capture by EM. In this
regard, by observing the structures formed during the early times of infection,
the different intermediates that would lead to the formation of ROs in
Picornaviruses infections were hypothesized in the work of Melia et al. (2019)
(Figure 12, Path 1). Specifically, intermediates involve the formation of a
budded vesicle that, by membrane pairing, leads to the formation of a cisternae
and then, due to the positive and negative curvature of the outer and inner
membranes, leads to the formation of a closed DMV®. Similarly, in the work of
Snijder et al. (2020) a model of RO biogenesis is hypothesized for coronaviruses
by observing the different structural intermediates that emerge during different
time points of MERS-CoV infection, through EM experiments. In this case,
DMVs arise from a tubular cisterna which curves to form an open DMV.
Subsequently, this undergoes fission to give rise to DMVs connected to the
organelle of origin. In addition, during infection, a small portion of DMV's may

be observed floating, with no connection to the ER” (Figure 12, Path 2).
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Figure 12. Pathways hypothesized for the formation of Double-Membrane Vesicle (DMV) and
Representative 3D Models. Path1, possible intermediates observed during Picornavirus infection. Path2,

hypothetical intermediates observed during Nidovirus infection. Reprinted from "Double-Membrane
Vesicles as Platforms for Viral Replication," by Wolff et al., 2020, Trends in Microbiology.

The internal space of the DMVs represents an isolated environment for viral
replication. Although many viruses have openings connecting the internal lumen
to the external environment to exchange viral material with the cytosol, the
DMVs induced by Coronaviruses have always been characterized as closed
compartments. Only recently, in SARS-CoV-2 infected cells, pores on DMVs
have been observed.”!’?

Of the nonstructural proteins, it has been reported that RO biogenesis is due to
the role of some transmembrane nonstructural proteins, NSP3, NSP4 and NSP6,
in SARS-CoV, MERS-CoV and SARS-CoV-2.737

Expression of nonstructural proteins alone can induce DMV formation. In
particular, the nonstructural proteins NSP3 and NSP4, which contain predicted
transmembrane domains, have been identified as critical for the biogenesis of
coronavirus DMVs. The interaction between the luminal loops of NSP3 and
NSP4 would trigger this rearrangement of the host cell membrane’®

Despite the knowledge accumulated in recent years, not only the biogenesis but
also the lipid and protein composition of this compartment is unknown. Also,
the roles of individual nonstructural proteins are still far from being determined.
Future studies will need to unravel all features of the RO in order to use it as an

antiviral target.
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1.4.2.2 The Role of non-structural proteins in DMV biogenesis

1.4.2.2.1 NSP3

Nonstructural protein 3 (NSP3) is one of the largest proteins encoded by the
SARS-CoV-2 genome, with a molecular mass of about 200 kDa.

NSP3 consists of different domains: ubiquitin-like domain 1 (Ubll); the Glu-
rich acidic domain (also called the "hypervariable region" HVR); macrodomain
I (Macl or X); and the "Sars-unique domain" (SUD; composed of macrodomain
II-Mac2 and macrodomain III-Mac3) preceding Ubl2 and PL2pro (DPUP);
ubiquitin-like domain 2 (Ubl2); papain-like protease (PLpro); nucleic acid-
binding domain (NBD); marker domain (MD); transmembrane regions (TM);
the Y domain of unknown functions and two transmembrane regions, TM1 and
TM2. NSP3 plays many roles in the viral life cycle; it is essential for forming
RTCs and double-membrane vesicles (DMVs). The ubiquitin-like domain 1
(Ubl1) and the Glu-rich acidic region are located at the N-terminus of NSP3. The
interaction with nucleocapsid (N) protein are mediated by Ubll domain 73!,

In particular, the X domain (Macl) is dispensable for RNA replication. Still, it
plays a role in mediating the host’s innate immune response in antiviral
adenosine diphosphate-ribosylation signaling. It binds and removes ADP-ribose
adducts from proteins in a posttranslational process. Mac2/3 domains are linked
to RNA binding and preferentially bind oligo(G), which can form G-

quadruplex®?.

1.4.2.2.2 NSP4
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SARS-CoV-2 NSP4 is a transmembrane protein of 44 kDa, with four
transmembrane helixes (TMD1-4), a large luminal domain (about 250 amino
acids) between TMD1 and TMD?2, a smaller luminal domain (approximately 30
amino acids) in the ER lumen between TMD3 and TMD4, and a C-terminal
domain®®. The N- and the C-terminus reside in the cytosolic side of the ER
membrane. Only the crystal structure of the C-terminal domain of NSP4 is
known. All CoV NSP4 proteins have at least one predicted glycosylation site
(N131). Interestingly, morphologically aberrant DMV's were observed in MHV-
infected cells with a mutant form of NSP4 at the glycosylation site, where
replication was impaired %, Furthermore, to promote proper membrane
rearrangement, interaction with ther terminal part of NSP3 (NSP3C) is required.
In particular, in SARS-CoV, two amino acid residues, H120 and F121, play an
essential role in binding NSP3 and promoting replication, whose site mutations
cause complete rearrangement and membrane loss®’. NSP4 expression alone
promotes the formation of paired membranes. These can be large areas of
extensive accumulations or small regions of paired membranes, often ER-bound,
devoid of ribosomes, and without spherules or DMVs. Probably, NSP4 is
essential to induce a robust local bending of the ER membrane where, using

NSP3, the viral pore is assembled.

1.4.2.2.3 NSP6

SARS-CoV-2 NSP6 is a 290 amino acid, 34 kDa membrane protein having 98.3
percent sequence similarity with that of SARS-CoV.

Angelini et al (2013) reported that SARS-CoV NSP6 induced the formation of
small spherical single membrane vesicles, clustered around the microtubule
organizing center. NSP3-4 alone produced convoluted maze-like bodies
interspersed with double-membrane walled circular structures that were

interpreted as closely packed double-membrane walled tubules, and that co-
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expressing NSP6 appeared to partially resolve these tubules to produce DM Vs
76, On the other hand, Oudshoorn, et al. (2017) found that NSP3-4 of MERS
coronavirus efficiently produced DMVS, but co-expressing NSP6 had no effect
75, In general, it is assumed that NSP3-NSP4 promote and are necessary for the
formation of DMVs, but the role of NSP6 is practically unknown, while SARS-
CoV-2 NSP6 has not been studied at all. Adding to the problem, NSP6 has been
reported as having several different topologies, predicted from bioinformatics

studies, while the crystal structure of NSP6 has not been resolved.

In addition, NSP6, in several coronavirus species, has been reported to play a
role in autophagy. However, despite multiple reports about an alteration in
autophagic processes after infection, the specific involvement of (canonical)
autophagy in DMV formation remains unclear. For example, Cottam et al., 2011,
reported that NSP6 of MHV and IBV promote autophagosome formation, but
these were smaller than the usual ones induced by starvation, and that NSP6 can
limit autophagosome diameter. NSP6 in SARS has also been shown to induce
Atg5- and LC31I-positive vesicle formation, in a starvation-independent manner,
and, unlike what has been seen for the other coronaviruses, it shows discrete

colocalization with LC3 puncta 3%,

As for NSP6 of SARS-CoV-2, there are differing opinions on the autophagic
aspect. Recently, in the work of Zhang et al., 2022, most of the viral proteins of
SARS-CoV-2 were expressed in HEK293T cells to determine their effect on
autophagy by detecting the protein levels of SQSTM1/p62 and LC3-II. In this
case, NSP6 appears to induce no increase in LC3-II spots, suggesting no role in
autophagy, unlike that shown for all other coronaviruses®. Recently, Sun et al.,
2022, reported the levels of endogenous and exogenous LC3 in Calu-3, A549,
BEAS2B and 16HBE transfected with NSP1, NSP2 or NSP6 of SARS-CoV2
for 24h. LC3 levels were found to be increased in cells transfected with NSP6.

Since, impairment of autophagic flux is observed only after 24h of transfection,
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the authors of the paper suggest that NSP6 might impair autophagic flux at the

late stage’!.

In summary, if and how NSP6 contributes to and regulates autophagic flux
remains controversial, and it remains to be determined whether there is its direct
involvement in this biological process and whether this might be a pathway used

to support RO formation.

2. Aims

Despite the RO being fundamental for SARS-CoV-2 replication and
propagation, there was a relative dearth of knowledge regarding the viral
proteins that were described as fundamental for their formation (NSP3 and
NSP4), while the NSP6 protein had remained almost completely ignored. The
first aim of my thesis was to elucidate the role of individual non-structural
proteins NSP3, NSP4, and NSP6 in RO biogenesis, in particular the role and

function of NSP6. Studying the cellular effects of a viral infection are multiple
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and complex, in addition to requiring BSL-3 laboratory conditions, so initiating
with a reductionist approach could help to control processes that are difficult to
identify in a more complex system. A second aim was to use the knowledge
gained to look for host factors that interact with or affect the processes mediated
by the viral proteins. Building up a more integrated knowledge base would
provide hypotheses to be validated in more relevant system such as SARS-CoV-
2-infected cells. The long-term aim would be to find either viral or host targets

for anti-viral therapy.

3. Methods and statistics

3.1 Reagents and antibodies

The following antibodies were used: mouse monoclonal anti-HA (BioLegend,
901503, dilution 1:600 for immunofluorescence (IF) and 1:1,500 for western
blot (WB)), rabbit polyclonal anti-HA (Sigma-Aldrich, H6908, dilution 1:200
for IF), goat polyclonal anti-HA (Bethyl, A190-138A, dilution 1:600 for IF),
rabbit polyclonal anti-actin (Sigma-Aldrich, A2066, dilution 1:10,000 for WB),
rabbit polyclonal anti-NSP6 (ProSci, 9177, dilution 1:200 for IF and 1:1,000 for
WB), sheep anti-NSP3 (The University of Dundee, DA126, dilution 1:100 for
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IF and 1:1,000 for WB), rabbit polyclonal ADRP/Perilipin 2 (Proteintech,
15294-1-AP, dilution 1:200), rabbit monoclonal anti-DFCP1 (Cell Signaling,
38419, dilution 1:1,000 for WB), mouse monoclonal anti-Flag (Sigma-Aldrich,
F1804, dilution 1:400 for IF and 1:1,500 for WB), goat polyclonal anti-Flag
(Bethyl, A190-101A, dilution 1:200 for IF), mouse monoclonal anti-c-Myc
(Santa Cruz, sc-40, dilution 1:200 for IF), mouse monoclonal anti-GAPDH
(Santa Cruz, sc-32233, dilution 1:1,000 for WB), mouse monoclonal anti-
LAMPI1 (Hybridoma Bank, H4A3, dilution 1:200 for IF), rabbit monoclonal
anti-EEA1 (BD Biosciences, 610456, dilution 1:1,000 for IF), sheep anti-human
anti-TGN46 (BioRad, AHP500GT, dilution 1:750 for IF), rabbit polyclonal anti-
GFP (Abcam, ab6556, dilution 1:250 for IF), mouse monoclonal anti-GFP
(Santa Cruz, sc-9996, dilution 1:2,000 for WB), mouse monoclonal anti-
mCherry (Abcam, ab125096, dilution 1:2,000 for WB), mouse monoclonal anti-
V5 (Thermo Fisher Scientific, R960-25, dilution 1:200 for IF and 1:1,000 for
WB), rabbit polyclonal anti-LC3 (Novus Biologicals, NB100-2220, dilution
1:200 for IF), mouse monoclonal anti-dsRNA (Scicons, 10010500, dilution 1:10
for IF), DAPI (Sigma-Aldrich, D9542, dilution 1:10,000 for IF), rabbit 1.4-nm
gold-conjugated Fab’ fragment (Nanoprobes, 2004, dilution 1:50), mouse 1.4-
nm gold-conjugated Fab’ fragment (Nanoprobes, 2002, dilution 1:50), Alexa
Fluor-546 FluoroNanogold anti-mouse Fab’ (7402, dilution 1:50) and Alexa
Fluor-488-568-647 (Invitrogen, diluted 1:400), horseradish peroxidase (HRP)-
conjugated goat anti-mouse or anti-rabbit IgG antibody (1:8,000, Merck
Millipore, 401215 or 401315, respectively). Anti-GM130 (1:1,000 for IF) and
anti-VAP-A (1:300 for IF) were produced in our laboratory as previously
described®*.

BODIPY 493/503 (4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-
indacene), B-BODIPY FL Ci2-HPC (2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-dodecanoyl)-1-hexadecanoyl-sn-glycerol-3

phosphocholine) and BODIPY 558/568-DA-Ci2 (4,4-difluoro-5-(2-thienyl)-4-
bora-3a,4a-diaza-s-indacene-3-dodecanoic acid were purchased from Thermo
Fisher Scientific (D3922, D3792 and D3835, respectively). Oil Red O solution
was purchased from Merck (102419). K22 (N-[(1Z)-1-[[4-(4-bromophenyl)-4-
hydroxy-1-piperidinyl]carbonyl]-2-phenylethenyl]-benzamide) was purchased
from Cayman Chemical, the DGAT-1 inhibitor A922500 (A1737), wortmannin
(3144), delipidated serum (S5394) and doxycycline hydrochloride (8D3447)
from Sigma-Aldrich and the VPS34 specific inhibitor SAR405 from
MedChemExpress (HY-12481). Puromycin dihydrochloride was purchased
from Calbiochem (540411).

3.2 Plasmid constructs
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AIl NSP constructs were made with the Gateway system (Thermo Fisher
Scientific) using a modified pPCDNA3.1 vector (containing a HA, Flag, Myc,
GFP, or mCherry tag) for amino-terminal tagging, a modified
pCDNAS/FRT/TO vector (containing 3xFlag) for carboxy-terminal tagging,
unmodified pPCDNAS5/FRT/TO to clone untagged NSP6, and pLTD-Flag or
pLTD-HA for stable doxycycline-inducible NSP6-expressing cell lines. P.
Grumati provided all Gateway vectors. The donor plasmids were pDONR207
SARS-CoV-2 NSP3, pDONR223 SARS-CoV-2 NSP4, and pDONR223
SARS-CoV-2 NSP6 from Wuhan-Hu-1 SARS-CoV-2 (gifts from F. Roth,
Addgene plasmids 141257, 141258 and 141260, respectively®?). For carboxy-
terminal tagging of NSP6, the stop codon was removed using the oligo pairs
NSP6 ns(+)/NSP6 ns(—) with the Agilent QuikChange kit. The Agilent
QuikChange kit was used to make the following NSP6 N-terminally tagged
mutant constructs: NSP6(1-157) (amino acids 1-157); NSP6-C80 (amino acids
211-290); the mutants in the amphiphilic alpha helix NSP6(F220Q/T222W)
and NSP6-C80(F220Q/T222W); and the VOC mutant constructs NSP6(ASGF)
and NSP6(ASGF)-NSP7.

The NSP6—-NSP7 sequence was synthesized with flanking attB sequences by
Thermo Fisher Scientific, a V5 tag was added to NSP7 by PCR, and the amplicon
was cloned into the Gateway vector pDONR223 and recombined with
destination vector pPCDNAZ3.1 containing HA to produce pHA-NSP6-NSP7-VS5.
The IBV (avian infectious bronchitis virus, strain M41) NSP6 sequence
(corresponding to Uniprot POC6Y3 from position 3089 to 3381), optimized for
human expression and synthesized with flanking attB sequences by Thermo
Fisher Scientific, was cloned into the Gateway vector pDONR223 and
recombined in Flag-containing Gateway destination vectors at the amino or
carboxy terminus. Oligos NSP6-IBV ns(+)/NSP6-IBV ns(—) were used to
remove the stop codon for the carboxy terminal-tagged construct.
mCherry-DFCP1 was a gift from D.-H. Kim (Addgene plasmid 86746). pEGFP-
ATF6 was a gift from R. Prywes (Addgene plasmid 32955). mCherry-
Calreticulin-N-16 (M. Davidson, Addgene plasmid 55006), pLenti-X1-Neo-
GFP-ATL2 (J. Corn, Addgene plasmid 109020), pPEGFPC-DFCP1 and pRUBY -
N1-KDEL were provided by P. Grumati.

The Agilent QuikChange kit was used to make the following mCherry—DFCP1
mutant constructs: DFCP1(A1-416) (lacking the amino terminus);
DFCP1(W543A) (point mutation in the ER domain) and DFCP1(C654S/C770S)
(mutations in the double FYVE domain; unable to bind PtdIns3P).

GST-tagged DFCP1 was constructed by amplifying the coding sequence from
mCherry—-DFCP1 with oligos DFCP1-p223(+)/DFCP1-p223(—) and cloning into
the Gateway vector pDONR223 and subsequently into the Gateway vector
pET60.
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pEYFPC3-Cb5, constructed using YFP instead of mCherry, and pEGFP-VAP-
A were made in our laboratory’*. pPEGFP-ERGIC53 and p-KDELR-EGFP were
gifts from A. Luini.

BP clonase and LR clonase for Gateway cloning were purchased from Thermo

Fisher Scientific. All other reagents for molecular biology were purchased from
New England Biolabs.

3.2 Cell culture, transfection, and RNA interference

HeLa cells were obtained from ATCC. Calu-3 cells (human lung
adenocarcinoma), a gift from L. J. Galietta, were cultured in DMEM F-12
(Gibco), supplemented with 10% fetal bovine serum (Euroclone)
100 IU ml™! penicillin and 100 pg ml™! streptomycin (Thermo Fisher Scientific)
and 2 mM L-glutamine (Thermo Fisher Scientific) in a humidified incubator at
37 °C and 5% COs,. Cell lines were routinely tested for mycoplasma (Biological
Industries). Cells were transfected with plasmids using either TransIT-LT1
(Mirus Bio) for HeLa cells or Lipofectamine LTX and PLUS Reagent (Thermo
Fisher Scientific) for Calu-3 according to the manufacturer’s instructions.
Expression was maintained for 16-24 h before processing unless otherwise
stated. For RNA interference, HeLa and Calu-3 cells were mock-treated or
treated with DFCP1 siRNA (50 nM) for 96 h using Lipofectamine RNAIMAX
(Thermo Fisher Scientific) for direct transfection.

3.3 Generation of HeLa Flag-NSP6 and HA-NSP6

doxycycline-inducible stable lines

To generate stably expressing clones, HelLa cells were transfected with the
plasmids pLTD-Flag-NSP6, pLTD-Flag-NSP6(ASGF), pLTD-HA-NSP6 or
pLTD-HA-NSP6(ASGF) and selected with complete medium containing
3 pg ml~! puromycin (Calbiochem). Single-cell cultures were isolated from the
mixed populations, and protein expression was probed and induced with
1 pg ml™!' doxycycline (Sigma-Aldrich) at different time points, as indicated.
Samples were then processed by immunofluorescence analysis. All the cell lines
generated in this study were authenticated through western blot and
immunofluorescence.

3.4 SARS-CoV-2 infection and assays

SARS-CoV-2 infection, virus titration, and cell death assay through the activity
of lactate dehydrogenase (LDH) were performed as elsewhere described’”. For
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immunofluorescence experiments, Calu-3 cells were seeded on coverslips, left
untreated or pre-treated for 2 h with K22 or with the DGAT-1 inhibitor A922500
at different concentrations, as indicated in the figures. Cell number and cell
viability after treatment with either K22 or A922500 were assessed by crystal
violet staining, cell morphology analysis, or LDH assay. No cytostatic or
cytotoxic effect of the drugs was observed at the concentrations used. For
immunofluorescence experiments and drug treatments, Calu-3 cells were seeded
on coverslips and infected with SARS-CoV-2 early lineage (SARS-CoV-
2/human/BRA/RJ01/2020, GenBank accession no. MT710714) at a multiplicity
of infection (MOI) of 0.01 for 48 h. Infected cells were fixed with 3.7%
formaldehyde and processed for immunofluorescence as described”. For
comparative analyses of NSP3—NSP6 proximity, cells were similarly infected
with early lineage and Gamma variant (hCoV-19/Brazil/AM-L70-71-
CD1739/2020, GISAID ID: EPI ISL 1060902) SARS-CoV-2 at an MOI of
0.01 for 48 h.

For EM experiments, Calu-3 cells were infected with early lineage B.1 (hCoV-
19/Italy/CAM-INMI-32803-66/2020, GISAID ID: EPI ISL 493333) or
Gamma variant (hCoV-19/Italy/ CAM-IZSM-RD020483D54/2021, GISAID ID:
EPI ISL 2933105) SARS-CoV-2 strains at an MOI of 10 for 24 h. SARS-CoV-
2-infected Calu-3 cells were processed for EM as described below. All
procedures related to virus culture were handled at a biosafety level 3 (BSL3)
multi-user facility, according to World Health Organization (WHO) guidelines.

3.5 Drug treatments

Flag-NSP6- and mCherry—DFCP1-transfected cells were treated with either
100 nM wortmannin or 1 uM VPS34 inhibitor SAR405 for 3 h, then processed
for immunofluorescence. For K22 treatment, cells were transfected, and after
30 min, dimethyl sulfoxide (DMSO) or 40 uM K22 was added.

For co-immunoprecipitation experiments, 1.7 mg of cellular lysate from cells
mock-transfected or co-transfected with HA-NSP6 together with GFP-NSP6,
Flag-NSP6, GFP-ERGIC53, GFP-atlastin-2 or GFP-NSP6(1-157), or co-
transfected with HA-NSP6(ASGF) and GFP-NSP6(ASGF), were incubated
with appropriate antibody-conjugated beads (HA, Flag and GFP). After
overnight incubation at 4 °C in 750 ul binding buffer, samples were washed five
times with binding buffer and once with a similar buffer without detergents,
eluted, and analyzed by SDS-PAGE. To evaluate co-immunoprecipitation
efficiency, a total of three independent experiments were analyzed. The co-
immunoprecipitated GFP-NSP6 signal was divided by the GFP-NSP6 signal in
the input and normalized by the immunoprecipitated primary antigen (HA)
signal. Co-immunoprecipitation efficiency was reported as mean + s.e.m. of co-
immunoprecipitated GFP-NSP6(ASGF) compared to GFP-NSP6.
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3.6 Western blot analysis

Western blot analysis and densitometry were performed as previously
described’®. Samples containing NSP6 were mixed with sample buffer (100 mM
Tris pH 6.8, 25% glycerol, 2% SDS, 0.01% bromophenol blue, and 10% 2-
mercaptoethanol) but were not boiled before loading.

3.7 Immunofluorescence analysis

Immunofluorescence analysis was performed as previously described”.

Digitonin and Triton-X-100 permeabilization

HeLa cells transfected with Flag-NSP6 or NSP6—Flag were grown on coverslips
and fixed with 4% PFA for 10 min, washed three times with buffer A (20 mM
PIPES pH 6.8, 137 mM NaCl and 2.7 mM KCI) and permeabilized with 20 uM
digitonin (Calbiochem) diluted in buffer A for 5 min. Coverslips were blocked
for 30 min with blocking solution (5% FBS (v/v) and 50 mM NH4Cl in buffer A)
without any additional permeabilizing agent and incubated with primary anti-
Flag and anti-TGN46 antibodies diluted in blocking solution. The TGN46
antibody was raised against a luminal portion of the protein that is thus not
accessible after digitonin permeabilization. This represents a control in that only
the plasma membrane has been permeabilized. Coverslips were washed with
buffer A and incubated with fluorochrome-conjugated secondary antibodies
(Alexa Fluor-488 for Flag and Alexa Fluor 568 for TGN46 in buffer A) for 1 h
at room temperature. After incubation, cells were fixed with 2% PFA for 5 min
and washed once with 50 mM NH4ClI in PBS. Coverslips were subsequently
permeabilized with 0.1% Triton-X-100 in PBS for 5 min. Cells were then
blocked with a blocking solution (0.05% saponin, 0.5% BSA, and 50 mM NH4Cl
in PBS) and incubated with the same primary antibodies used in the first step.
Coverslips were then washed with PBS and incubated with fluorochrome-
conjugated secondary antibodies (Alexa Fluor 405 for Flag and Alexa Fluor 633
for TGN46 in PBS) for 1 h at room temperature. The TGN46 epitope becomes
accessible to the primary antibody under these conditions, confirming selective
permeability and identifying luminal epitopes.

LD staining and assays

LDs were stained by adding 0.5 uM BODIPY 493/503 (Thermo Fisher
Scientific) to the fluorochrome-conjugated secondary antibody mix for 30 min
after fixation and processed for immunofluorescence analysis.
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To monitor lipid transfer from LDs to DMVs, we followed the protocol
described previously’’. In brief, BODIPY 558/568-DA-Cipat a final
concentration of 1 uM was added for 16 h to the culture medium of HeLa cells
transfected with GFP-NSP4/HA—-NSP3 or GFP-NSP4/HA—-NSP3/Flag—NSP6.
Cells were then washed and incubated with DMEM supplemented with
delipidated serum (1%) for an additional 6 h. Coverslips were fixed and
processed as described above. NSP4 puncta were identified using the ‘Analyze
particles’ tool of Fiji (Imagel) software, and the fluorescence mean intensity of
Bodipy-DA-Ci» for each particle was determined. Particles with values equal to
or higher than a similar ER area were defined as ‘positive’ particles. The
percentage of NSP4 Bodipy-DA-Ci2-positive particles was calculated for each
cell.

3.8 Confocal microscopy and image analyses

Cells were imaged using a Plan-Apochromat 100%/1.4 oil objective on a Zeiss
LSM800 or LSM880 confocal system equipped with an AiryScan module and
controlled by the Zen blue software. Fluorescence images presented are
representative of images collected from at least three independent experiments,
unless otherwise stated (see 'Statistics and Reproducibility' for further details).
The images used for phenotype quantification were acquired with the same
parameters (that is, digital gain, laser power, and magnification) and processed
with Fiji (ImageJ; National Institute of Health (NIH)) software. Brightness and
contrast were adjusted with Adobe Photoshop, and figure panels were assembled
with Adobe Illustrator.

3.9 Quantification of the number and area of structures

NSP6, NSP4, LC3, and LD structures were analyzed using the ‘ Analyze particle’
function to determine their number per cell. For each experiment, images were
acquired below the saturation limit, and the same threshold was chosen and
applied to all of them. For the calculation of the size of the structures the
'Analyze particle' function was used, setting ‘Area’ as the measurement.

3.10 Distribution of NSP4 puncta

The' Analyze particle' function was used to calculate the distribution of NSP4
puncta in each cell, considering a particle size between 0.1 and infinity and
choosing the centre of mass as a reference for measurement. X and Y coordinates
for each NSP4 puncta were obtained and plotted. A four-quadrant subdivision
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was applied to the images using the XY coordinates of the centre of mass as the
axis origin. The relative abundance of the NSP4 puncta for each quadrant is
expressed as a percentage of the total identified structures for each cell.

3.11 Relative distribution of the NSP6 protein

To measure the cellular distribution of NSP6 fluorescence, the integrated density
of NSP6 in NSP6 structures was calculated over the integrated density of total
NSP6 in the whole cell.

Cells with comparable levels of total integrated fluorescence intensity were
analyzed for each time point. Results were expressed as a percentage of the
fluorescent NSP6 signal present in the NSP6 structures over the total
fluorescence.

3.12 Recruitment to NSP6 structures

The fraction of VAP-A or NSP6(1-157) associated with NSP6-positive
structures was measured as the ratio between the integrated density of each
protein on the NSP6 structures and the integrated density in the whole cell.

3.13 Co-localization between NSP6 and DFCP1

Co-localization between NSP6 and wild-type or mutant DFCP1 was calculated
using the JACoP plug-in®®.

3.14 Distance between particles

The relative distance between objects was determined with the DiAna plug-in®’.
In brief, channels were thresholded and then segmented. For LD distance from
NSP4 and NSP6 in transfected cells shown in Fig. 46, edge—edge distances
between particles were measured in the whole cell. No values were excluded.
To calculate the distance between NSP3- and NSP6-positive structures in
infected cells in Fig. 34, both centre—centre and edge—edge distances were
measured.

3.15 Measurements of NSP6 fluorescence intensity

HeLa cells expressing Flag-tagged NSP6 were fixed and processed for
immunofluorescence. Cells with similar expression were acquired using the
same parameters and processed with the Fiji (ImagelJ) software. The integrated
density of each cell was measured.

Electron microscopy
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For pre-embedding IEM, the cells were fixed, permeabilized and labeled as
described previously!®. In brief, the cells were fixed with a mixture of 4%
paraformaldehyde (PFA) and 0.05% glutaraldehyde prepared in 0.2 M HEPES
buffer for 10 min (room temperature) and then with 4% PFA alone for 30 min
(room temperature), followed by incubation with blocking/permeabilizing
solution (0.5% bovine serum albumin (BSA), 0.1% saponin and 50 mM NH4Cl
in PBS) for 30 min.

Cells were incubated with a primary anti-HA monoclonal antibody (1:600,
BioLegend) diluted in blocking/permeabilizing solution overnight, and then a
secondary anti-mouse antibody (1.4-nm gold-conjugated Fab’ fragment diluted
1:50, Nanoprobes) was added for 2h. The GoldEnhance EM kit (from
Nanoprobes) was used to enhance ultrasmall gold particles. For double labeling
of cells expressing HA—NSP3, mCherry—NSP4, and GFP-NSP6, enhancement
with the anti-HA antibody was performed for 3 min. Then a primary anti-GFP
polyclonal rabbit antibody (1:250, Abcam) was added and processed as above
using a secondary anti-rabbit antibody (1.4-nm gold-conjugated Fab’ fragment
diluted 1:50, Nanoprobes) for 2h, followed by gold enhancement for an
additional 3 min. The longer enhancement time for the anti-HA detection causes
the formation of larger gold particles (clusters) with an irregular shape that
distinguishes HA-NSP3 from the smaller GFP-NSP6 signals in doubly
transfected cells.

For conventional EM, the cells were fixed with 1% GA prepared in 0.2 M
HEPES buffer for 30 min (RT).

Cells prepared for IEM or conventional EM were scraped, pelleted, post-fixed
in OsOs4 and uranyl acetate, dehydrated, embedded in Epon, and polymerized at
60 °C for 72 h. For each sample, thin sections were cut using a Leica EM UC7
ultramicrotome (Leica Microsystems). EM images were acquired from thin
sections using a FEI Tecnai-12 electron microscope (FEI) equipped with a
VELETTA CCD digital camera (Soft Imaging Systems). Morphometric analysis
of the structures of interest was performed using iTEM software (Olympus).

3.16 CLEM

HeLa cells were transfected with HA-NSP6 or HA-NSP6(ASGF) or co-
transfected  with ~ HA-NSP3/mCherry—NSP4/GFP-NSP6 or HA-
NSP3/mCherry—NSP4/Myc—NSP6 where indicated. Transfected cells were
treated or not with 40 uM K22 30 min after transfection. After overnight
expression, cells were fixed as for IEM and then labeled with an anti-HA
antibody followed by detection with a secondary Alexa Fluor-546
FluoroNanogold anti-mouse Fab’. The structures of interest carrying different
proteins were visualized using a Zeiss LSM800 station by confocal microscopy,
and fluorescent images were recorded. Then the cells were post-fixed,
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dehydrated, embedded in Epon, and polymerized as described above. Serial 60-
nm sections were cut and analyzed using a FEI Tecnai-12 electron microscope.
The same cell and structures of interest obtained by confocal microscopy were
identified on EM images using Zen Connect software (Zeiss).

3.17 Electron tomography

Epon sections (250 nm thick) were collected on Formvar carbon-coated slot
grids and analyzed using a Tecnai G2 Spirit BioTwin electron microscope (FEI)
equipped with an automated tomography stage. The single tilt series of images
were acquired in a range of —65° to +65° (at 1° interval) using Xplore 3D TEM
Tomography software (FEI) at 40,000x magnification unless otherwise stated.
Tilt series were used with the open-source IMOD software to generate
tomograms. At least 10 tomograms were analyzed per experimental condition.
For 3D reconstruction, the surfaces of DMVs and surrounding ER membranes
were rendered using the IMOD software.

3.18 EM quantification

The percentage of regular and zippered ER (or NE) surface was quantified in
random thin sections from pellets of NSP6-transfected HelLa cells using
morphometric grids with the iTEM software (Olympus SIS). Quantification of
gold particles in thin sections from HeLa cells expressing HA-NSP6 or HA—
NSP6(ASGF) and immuno-gold labeled for HA was performed with the touch
count tool of the iTEM software. This quantification was further used to measure
HA-NSP6 or HA-NSP6(ASGF) expression in each analyzed cell to normalize
the surface area of zippered ER for the expression level of the corresponding
HA-tagged NSP6 protein. To assess the effect of NSP6 or NSP6(ASGF) on the
organization of DMVs, tomograms of DMV clusters were used to quantify the
following parameters: DMV diameter, shape factor (ratio between long and short
axes), density (number per DMV cluster area), length of ER-DMV connections,
number of DMVs per connection and the overall number of ER-DMV
connections per DMV cluster. A DMV cluster was defined as a group of DMVs
whose distance from the nearest neighbor does not exceed two average DMV
diameters. All measurements in tomograms were done with the 3D Manager
plug-in of the open-source Fiji software. The same tools were used to quantify
the length of zippered DMV connectors in tomograms from Calu-3 cells infected
with the early lineage B.1 or Gamma variant of SARS-CoV-2.

3.19 NSP6 protein topology
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NSP6 topology modeling was performed using the Constrained Consensus
Topology prediction server (CCTOP, Institute of Enzymology). The
amphipathic features of the a-helix were determined using HELIQUEST
(http://heliquest.ipmc.cnrs.fr)!?! and the mutations were introduced following the
Genetic Algorithm-based module.

3.20 Phylogenetic analysis

The phylogenetic analysis of SARS-CoV-2 genomes deposited in the GISAID
database (https://www.gisaid.org/) was performed on a set of 3,508 representative
genomes sampled from December 2019 to July 2021, provided by
Nextstrain'? (https:/nextstrain.org/ncov/global). The percentages of genomes
carrying the SGF deletion in the NSP6 protein were evaluated on samples
deposited at GISAID up to 16 July 2021.

3.21 Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism7 (GraphPad
Software) or the R software environment for statistical computing (rstatix R
package).

To test the normal distribution of the data and the homogeneity of variance
across groups, the Shapiro—Wilk test, and Levene’s test were used on the
ANOVA residuals. When measured variables were normally distributed, the
statistical significance of the difference in measured variables between control
and treated groups was determined by #-test or ANOVA followed by appropriate
multiple comparisons post-hoc tests depending on the experiment. When the
measured variables were not normally distributed, non-parametric Mann—
Whitney or Kruskal-Wallis tests were performed followed by appropriate
multiple comparison post-hoc tests depending on the experiment.

All the experiments for which statistics was derived were performed three times
with similar results; N indicates the number of experiments and » the number of
total measurements or observations. All of the replicates performed were
biological and not technical. Detailed information for each experiment is
provided below.

44



4. Results

4.1 NSP6 promotes the formation of roundish structures

NSP6 from other coronaviruses had previously demonstrated widespread
distribution in the ER when it was C-terminally tagged’®*®. In this study,
however, SARS-CoV-2 NSP6 was cloned with a C-terminal and N-terminal tag
to understand the correct topology of the protein. In addition, an untagged
version of SARS-CoV-2 NSP6 was cloned; an antibody against the viral protein
NSP6 was used to analyze its localization.

Very interestingly, as shown in Fig.13, while the expression of the C-terminally
tagged protein shows a diffuse ER localization, N-terminally tagged NSP6 and
the untagged NSP6 protein both promote the formation of roundish structures.

+NSP6-FLAG +FLAG-NSP6 +NSP6 untagged

Figure 13. Hela cells expressing YFP—Cb5 alone, co-expressing C- or N-terminally Flag-tagged NSP6, or co-
expressing untagged NSP6. Insets, enlarged merged images of boxed areas; arrowheads, NSP6
compartments; dashed lines, cell boundaries. Scale bars, 10 um.

In particular, the NSP6-induced structures do not colocalize with endosomal,
lysosomal, or autophagosomal structures. At the same time, they exhibit a
preferential colocalization with the ER-reporter protein Cb5 (the C-terminal tail

of cytochrome b5)'® (Fig. 14).
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Figure 14. Hela cells transfected with Flag-NSP6 immunostained with anti-Flag, lysosome marker (anti-
LAMP1), endosome, and autophagosome marker (anti-EEA1 or anti-LC3). Scale bars, 10 um.

To investigate whether the formation of round structures of NSP6 was a general
feature of NSP6 of coronaviruses, we examined the NSP6 protein of infectious
bronchitis virus (IBV) by tagging it at the N- and C-terminus. From the results
obtained, NSP6-IBV tagged at the N terminus also induces round structures that
colocalize with Cb5 (Fig. 15).
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+ IBV-NSP6-FLAG

+ IBV-FLAG-NSP6

Figure 15. Fluoromicrographs of HelLa cells expressing YFP-Cb5 and either IBV NSP6-Flag (upper panels) or
IBV-Flag-NSP6 (lower panels). Cells immunostained with anti-Flag antibody (red). Scale bars, 10 um.

4.2 NSP6 induces ER zippering

To identify the source membranes of NSP6 structures, we used immuno-electron
microscopy (IEM) analysis. For this aim, HA-NSP6 overexpressing HeLa cells
were fixed and immunogold labeled to reveal the HA signal. The NSP6 signal
was highly enriched on ER cisternae. These roundish structures were formed by
tightly juxtaposed boundary membranes, leaving a barely visible lumen (Fig.
16).

Interestingly, in NSP6-expressing cells, about 40% of the ER surface is zippered
(Fig. 16). These zippered ER structures were linear or circular and capable of
encapsulating the adjacent cytoplasm (Fig. 16).

Moreover, to establish if the zippered ER structures were connected to the
regular ER, electron microscopy (EM) and electron tomography approaches

were also used on HA-NSP6 overexpressing cells, where clear connections
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between these zippered ER structures and regular ER could be observed (Fig.
16).
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Figure 16. Left, IEM (anti-haemagglutinin (HA) immunolabelling) and EM of HelLa cells expressing HA—
NSP6. White arrowheads, linear zippered ER membranes; black arrowheads, circular zippered ER
membranes; black arrows, continuity between zippered and regular ER membranes. The regular ER is
shown in green. The average size of circular NSP6-positive ER structures is 623 + 231 nm. Right,
Morphometric analysis of NSP6-expressing cells (percentage of the ER surface associated with regular
cisternae or zippered domains). Mean + s.d. Scale bars, 120 nm. Experiments were performed by Roman
and Lena Polishchuk.

Further, a correlative light and electron microscopy (CLEM) approach using
HeLa cells expressing HA-NSP6 showed that the round or elongated structures
of NSP6 visualized by immunofluorescence matched the circular or linear
profiles observed by electron microscopy, including connections with the regular

ER (Fig. 17).
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Figure 17. Upper, Immuno-CLEM analysis of the NSP6 compartments. Fluoromicrograph of HA—-NSP6. With
the enlargement of NSP6-labelled structures 1-7 that were identified on EM serial sections. Bottom, Serial
sections of structure 6. Black arrows, NSP6-positive linear zippered membrane connections with ER
cisternae. White arrows, NSP6-positive circular zippered structures. Scale bars, 4 um (Upper, left); 1.1 um
(Upper, middle and right); 250 nm (Bottom). Experiments were performed by Lena Polishchuk.

4.3 NSP6 structures are selectively accessible to proteins

and lipids

Since NSP6 can remodel ER membranes by promoting the formation of
zippered, lumenless structures, we decided to better characterize the accessibility
of this compartment to proteins and lipids by co-expressing GFP- or mCherry-
NSP6 in HeLa cells with ER luminal proteins (such as mCherry-Calreticulin and
the ER reporter GFP-KDEL) or with ER membrane proteins with bulky luminal
domains (such as GFP-ERGIC53 and GFP-ATF6) (Fig. 18).

From live cell imaging experiments, no colocalization was observed; rather there
was exclusion of proteins occupying a luminal fraction of the ER and NSP6
structures, suggesting “inaccessibility” of the zippered compartment.
Subsequently, we expressed mCherry-NSP6 with ER membrane proteins such
as GFP-VAP-A, GFP-Atlastin-2, and GFP-KDEL receptor, which lack or

possess small luminal tracts. Interestingly, complete localization of these
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transmembrane proteins to the NSP6 compartment was observed, suggesting that

these proteins can access zippered structures.
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Figure 18. Fluoromicrographs of HelLa cells expressing CLRT-mCherry, GFP- KDEL, GFP-ERGIC53, GFP-ATF6,
GFP-ATL2, GFP-KDELR alone (left panel) or with GFP-NSP6 and mCherry-NSP6 (middle and right panel).
Small panels, enlargements of boxed areas, and arrowheads indicate co-localization. Scale bars, 10 um.
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To validate the continuity between the NSP6 compartment and the ER, we
decided to use the fluorescent recovery after bleaching (FRAP) technique. In
particular, the choice of FRAP allowed us to monitor the recovery of
fluorescence after bleaching performed in a region of interest. The diffusion
movement of surrounding intact probes in the irreversibly bleached region is
used to examine the kinetics of the protein of interest.

HeLa cells were co-transfected with mCherry-NSP6 and GFP-VAP-A or
mCherry-NSP6 and YFP-Cb5. NSP6-induced structures were bleached to assess
the fluorescence recovery of VAP-A or Cb5 within the compartment. Both VAP-
A and Cb5 managed to re-enter the NSP6 compartment. However, the kinetics
were slower than the recovery observed in the regular ER because the available
luminal area is smaller in the zippered ER (data not shown).

Similarly, to understand whether zippered structures were accessible to
phospholipids, HeLa cells transfected with mCherry-NSP6 and treated with a
phosphatidylcholine fluorescent probe (BODIPY C12-HPC) were analyzed by
FRAP. In this case, the fluorescence of BODIPY C12-HPC was recovered after
bleaching, suggesting that the NSP6-zippered compartment is accessible to
lipids. However, NSP6 showed limited FRAP, probably because it is engaged in

stable protein complexes that result in its slow diffusion (data not shown).

4.4 NSP6 homodimers zipper ER membranes

As mentioned in the introduction, the structure of NSP6 has not been solved, and
several topologies have been predicted. Both the N- and C-termini of NSP6
should face the cytosol since they must be accessible for processing by the
cytosolic protease NSP5. To confirm this, HeLa cells were transfected with an
NSP6 construct with the N- or C-terminus tagged with a FLAG epitope and then
processed for immunofluorescence. The cells were treated with digitonin
(without any additional permeabilizing agent) that permeabilizes only the

plasma membrane. Then, the cells were probed with an anti-FLAG primary, so
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if the portion of the protein is cytosolic and not luminal, it is accessible to the
antibody. As shown in Fig. 20, both N- and C-terminally FLAG-tagged NSP6
are detectable, showing that they must be exposed to the cytosol. Controls
included using an antibody against a luminal epitope of TGN46, which was not
detected, and Triton-X-100 treatment, which allows access to luminal

compartments (Fig. 19).

Figure 19. Hela cells expressing C-terminal or N-terminal Flag-tagged NSP6 immunostained with anti-Flag
antibody and an antibody against a luminal epitope of TGN46 after permeabilization with digitonin and
subsequently with Triton-X-100. Scale bar, 10 um. Experiment performed by Andrea Maria Guarino.

Based on these data and biochemical analyses of other coronaviruses, we

conducted topological predictions with the CCTOP13!%4

server and assigned six
transmembrane domains to NSP6 (Fig. 20). In addition, we hypothesized that
the seventh predicted transmembrane domain, which is an amphipathic helix'?,

does not cross but remains associated with the membrane (Fig. 20).
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Figure 20. Left, Predicted secondary structure of NSP6. The ASGF deletion and truncation site (at residue
157) are indicated. Right, Model of the amphipathic helix of NSP6 according to HELIQUEST. Apolar residues
are in yellow, and polar residues and glycine have been given different colors. The arrow indicates the
hydrophobic moment (uH = 0.409). Numbers indicate the amino acid positions of the NSP6 protein.

As described above, the addition of a tag to the NSP6-C-terminus inhibits the
induction of zippered structures and the bioinformatics analysis indicates that
the C-terminal amphipathic tail associates with the membrane without crossing
it. We therefore asked if the C-terminal portion was necessary for the proper
localization of NSP6.

To test this, we cloned and expressed in HelLa cells either a NSP6 mutant (1-
157) lacking the C-terminal part of NSP6, including the amphipathic helix, or a
mutant in which two mutations were introduced into the C-terminal portion of
NSP6, abrogating its amphiphilic properties (F220Q/T222W)!°!. Both mutants
show widespread localization of NSP6 in the ER, suggesting that the
amphipathic helix is required to induce ER remodeling (Fig. 21).
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Figure 21. Upper, HelLa cells untransfected (left panel) or expressing Myc-NSP6 were immunostained for
VAP-A or Myc. Insets show the Myc-NSP6 signal. The number indicates the fraction of VAP-A associated
with the NSP6 structures. Mean *+ SD. Middle, HelLa cells expressing Myc—NSP6 (inset) and/or Flag—
NSP6(1-157). The fraction of NSP6 (1-157) associated with NSP6 structures is indicated. Mean # s.d.
Bottom (left), Model of the F220Q/T222W NSP6 mutant helix (uH = 0.191) according to HELIQUEST.
Mutations that abolish the amphipathic character of the helix are in red. Bottom (right), Hela cells
expressing GFP-NSP6 F220Q/T222W mutant. Scale bar, 10 um.

However, when only the C-terminal portion of NSP6 that includes part of the
amphipathic helix (NSP6-C80) was expressed, it was clear that it is unable to
induce ER remodeling (Section “NSP6 mediates replication organelle-LD

association”).
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This suggests that, although necessary, the amphipathic helix is insufficient to
promote the formation of NSP6 structures. To understand which other features
of NSP6 are critical for generating the zippered compartment, we considered the
EM data that showed the zippered structures as two membranes held together,
almost completely excluding the lumen, and the low mobility of the NSP6
protein in the FRAP analysis, and hypothesized that NSP6 might be engaged in
homodimeric binding which drives the formation of the zippered structures. To
validate this hypothesis, co-immunoprecipitation experiments were performed
using extracts from cells expressing HA-NSP6 co-expressed with GFP-NSP6 or
FLAG-NSP6. The cell lysates (input) were immunoprecipitated (IP) with anti-
HA, anti-Flag, or anti-GFP antibodies and probed by WB (Fig. 22), which

showed that NSP6 can homodimerize.
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Figure 22. Left, Immunoprecipitation (IP) and western blot (WB) from GFP—NSP6 and HA-NSP6 co-
expressing cells. Right, Cell lysates (input) and immunoprecipitates (IP, with anti-HA or anti-Flag
antibodies) from Hela cells, untransfected or expressing the indicated NSPs were analyzed by western blot
with anti-HA, anti-Flag, or anti-GFP antibodies as appropriate. Images are representative of three
independent experiments. Experiment performed by Giuseppe Di Tullio.

To corroborate the biochemistry data, we took advantage of a powerful tool to
analyze the ability of NSP6 to interact with an additional NSP6 in vivo.
Specifically, we used the Fluorescence resonance energy transfer (FRET)
method, which is widely used and set up in Antonella De Matteis' laboratory,
especially for studying ER-Golgi contact sites. This method analyzes the
physical molecular distance from an excited molecular fluorophore (the donor)
to another fluorophore (the acceptor) through a non-radiatively energy transfer.
The FRET analysis was performed on HeLa cells expressing GFP-NSP6 and
mCherry-NSP6 and confirmed the homodimerization of NSP6 (data not shown).
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To understand whether dimerization involved amino acids 1-157 of the NSP6
protein, i.e. without the C-terminal part of the protein, NSP6(1-157) and full-
length NSP6 were co-expressed in HeLa cells, and we found that the mutant
protein is massively recruited and retained in the NSP6 compartment (Fig. 23).
The interaction between NSP6(1-157) and NSP6 was also confirmed by FRET
(data not shown) and co-immunoprecipitation experiments, indicating that the
dimerization involves amino acids 1-157 of NSP6 (Fig. 24). Thus, it seems that
both the C-terminal amphipathic helix and homodimerization of NSP6 (via

amino acids 1-157) are necessary to generate the NSP6 compartment.

+ mCherry NSP6

GFP-NSP86 1-157 +
HA-NSP6

kDa

Figure 23. Left, Fluoromicrographs of Hela cells expressing GFP-NSP6(1-157) alone or with mCherry-NSP6.
Right, Cell lysates (input) and immunoprecipitates (IP, with anti-HA or anti-Flag antibodies) from Hela
cells, untransfected or expressing the indicated NSPs were analyzed by western blot with anti-HA, anti-
Flag, or anti-GFP antibodies as appropriate Scale bar, 10 um. WB experiment was performed by Giuseppe
Di Tullio.

4.5 K22 interferes with the zipping activity of NSP6

We searched the literature to see if there were any known compounds that were
reported to target NSP6. A small molecule called K22 was described as
interfering with the replication of several coronaviruses and it was hypothesized
that NSP6 could have been the target, since K22-resistant human coronavirus
strains such as coronavirus 229E (HCoV-229E) had mutations in NSP6'%,

To test K22 in our system to test whether it could also affect NSP6 of SARS-
CoV-2. First, we used different concentrations of K22 in the NSP6-inducible cell
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line and monitored its effects. Using a concentration of 40 pM, we observed a
significant reduction in the number of regular NSP6 structures, as shown in (Fig.
24).
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Figure 24. Stably transfected Flag-NSP6 clone induced with doxycycline and treated with DMSO or K22 for
24 h. K22 reduced the number of NSP6 structures and resulted in elongated structures in a percentage of
the cells (right panel, number of cells exhibiting these structures. Mean * SD). Two-tailed unpaired t-test
with Welch’s correction. Scale bars, 10 um. Experiment performed by Laura Giaquinto.

In addition, 37% of K22-treated cells showed a morphological change in the
structures, becoming mainly elongated and perinuclear. To characterize these
structures, we first used immuno-CLEM techniques. As shown in Fig. 25, the
structures corresponded to extensive zippered areas of the nuclear envelope,
which appears thinner and without a lumen. Therefore, K22 mediates an
alteration in the compartment formation of NSP6 and its zippering activity,
which seems to be shifted toward the nuclear envelope. Further analysis was
performed for EM (data not shown).

HA-NSP6

Figure 25. Immuno-CLEM of HA-NSP6-expressing cells treated with K22 for 24 h. Right, Fluoromicrograph
showing NSP6 (anti-HA immunostaining) in elongated structures (arrows 1, 2) close to the nucleus
(asterisk). Scale bars, 7.5 um, inset 200 nm. Experiment performed by Lena Polishchuk.

4.6 NSP6(ASGF) has a higher ER-zippering activity
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Interestingly, during the COVID-19 pandemic, six SARS-CoV-2 VOCs (Alpha,
Beta, Gamma, Eta, Iota, and Lambda) emerged with a three amino acid deletion
(SGF, positions 106-108) in the second and longest predicted NSP6 luminal
loop. A phylogenetic analysis of SARS-CoV-2 was conducted, using
Nextstrain'%?, from which we found that the deletion emerged independently in
these lineages, in space and time, suggesting that it confers a selective advantage
on the virus (Fig. 26).
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Figure 26. Left, Radial layout of a phylogenetic tree of 3,508 SARS-CoV-2 genomes. VOCs are indicated,
and the percentage of each genome containing ASGF is reported. Black branches highlight the appearance
of the deletion. Right, Mutations are involved in the branching and specificity of each VOC. Arrows, the

appearance of the ASGF, and mutations in the spike (S) protein. Experiments were performed by Francesco
Panariello.

We decided, therefore, to analyze this mutated form of NSP6, called NSP6
(ASGF) (Fig. 28). First, a stable doxycycline-inducible cell line was generated
in the laboratory for NSP6 (ASGF). To analyze the kinetics of NSP6 and NSP6
(ASGF) structure formation, we induced both clones for 3, 5, 8, and 24 h and
compared the two compartments. Then, we analyzed both the number and the
area covered by NSP6 structures and found that NSP6 (ASGF) is more proficient
at inducing the NSP6 compartment, the NSP6 (ASGF) compartments being more
numerous and larger, and NSP6 (ASGF) was more enriched in these

compartments than in the ER (Fig. 27).
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Figure 27. Left, Time course analysis of stably expressing Flag—NSP6 or Flag—NSP6(ASGF) cells induced with
doxycycline. Fluoromicrographs at 3-5-8-24 h. Right, Quantification of the NSP6-structures. Upper number
and areas of NSP6-positive structures. Bottom, NSP6 in structures as a percentage of the total NSP6 in the
cell (mean + s.e.m.). Scale bars, 10 um. Experiments were performed by Laura Giaquinto.

Comparison of the protein levels of HA-NSP6 and HA-NSP6(ASGF) clones
induced overnight with doxycycline by Western blot showed that they were
expressed equally (data not shown).

To estimate if there was any difference in the half-life of the proteins, an
experiment in which HeLa clones induced with doxycycline expressing HA-
NSP6 or HA-NSP6(ASGF), or the parental cells (CTRL), were radiolabeled for
1 h with 35S-methionine/cysteine and chased for different times. The estimated
half-life of both HA-NSP6 and HA-NSP6 (ASGF) was 5 h, with no differences
between the proteins (data not shown).

Given the propensity of NSP6 (ASGF) to form more zippered structures, we
decided to perform co-immunoprecipitation experiments in HeLa cells
expressing GFP-NSP6 with HA-NSP6, or GFP-NSP6 (ASGF) with HA-NSP6
(ASGF). The cell lysates (input) were immunoprecipitated (IP) with an anti-HA
antibody and probed by WB (Fig. 28). The more efficient immunoprecipitation
of NSP6 (ASGF) suggests a greater propensity for homodimerization. In
addition, we also evaluated resistance to detergent extraction, which was found

to be higher in the NSP6 (ASGF) (data not shown).
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Figure 28. Cell lysates (input) of cells expressing GFP-NSP6 with HA-NSP6, or GFPNSP6 (ASGF) with HA-
NSP6(ASGF), were immunoprecipitated (IP) with anti-HA antibody and analyzed by western blot with anti-
HA and anti-GFP antibodies. The graph shows the co-IP efficiency of NSP6 (ASGF) relative to NSP6, which
was set as 1. Mean + SEM, Two-tailed unpaired t-test with Welch’s correction. Experiments were
performed by Andrea Maria Guarino and Giuseppe Di Tullio.

Furthermore, the effect of K22 on NSP6 (ASGF) was slightly less sensitive than
the reference NSP6 (Fig. 29).
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Figure 29. Doxycycline-induced clone expressing Flag-NSP6 (ASGF) treated with DMSO or K22 for 24 h. A
number of NSP6 structures (middle panel) and cells with elongated NSP6 structures (right panel) induced
by K22. The number indicates the percentage (Mean + SD) of cells exhibiting the elongated structures.
Single values are plotted, Means + SEM is shown, and a two-tailed unpaired t-test with Welch’s correction.
Scale bars, 10 um. Experiments were performed by Laura Giaquinto.

Finally, to analyze the morphology of NSP6 (ASGF), we used EM, IEM, and
CLEM. As shown in Fig. 30, NSP6 (ASGF) promotes the formation of both
linear and circular zippered membrane compartments as well as NSP6.
Morphometric analysis of the IEM revealed an increased association of NSP6
(ASGF) with zippered membrane domains, resulting in almost complete

elimination from the regular ER.
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Figure 30. EM (Upper) and IEM (Middle) anti-HA immunolabelling of HA—-NSP6(ASGF)-expressing Hela
cells. White arrowheads, linear zippered ER structures; black arrowheads, circular zippered ER structures.
The regular ER is shown in green. Upper (Right), Morphometric analysis of IEM images. Quantification of
gold particles at zippered ER. Middle (Right), the surface area of zippered ER normalized for the total
number of gold particles. Bottom, Immuno-CLEM of cells expressing HA-NSP6(ASGF) with inset. and IEM,
in which arrows 1—4 indicate overlap of the fluorescent an immuno-gold signals in the zippered NSP6-
positive-structures. g, magnification of the structure indicated by arrow 1. Scale bars, 250 nm; 3.7 um; 480
nm; 250 nm. Unpaired two-tailed t-test. Experiments were performed by Roman and Lena Polishchuk.
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During viral infection, NSP6 is generated by cleavage from the polyprotein by
the NSP5 protease!% (itself a part of the polyprotein) which cleaves between
NSP5/6 and NSP6/7. Because we have shown that NSP6 forms the compartment
only if its C-terminal is "free," we decided to compare the zipping activity of
NSP6 and NSP6(ASGF) by comparing their putative precursors, namely NSP6-
NSP7 and NSP6(ASGF)-NSP7. Cells were transfected with FLAG-NSP6-
NSP7-V5, where the protein shows not only an ER distribution but also partial
localization at the Golgi, suggesting that the precursor might visit the Golgi
before cleavage triggers its ER zipping activity. In contrast, in FLAG-
NSP6(ASGF)-NSP7-V5 transfected cells, the protein shows a purely ER
localization and forms small round structures even before cleavage, supporting

the enhanced ER-zipping activity of NSP6(ASGF) (data not shown).

4.7 NSP6 connects DMVs with the ER

NSP6 is one of the proteins involved in RO formation along with NSP3 and
NSP4. Because of the similarity of the ER zipper with the "ER connectors"
between ER and DMVs in SARS-CoV-2-infected cells®®, we analyzed the
relationship between NSP6 and DM Vs.

First, HeLa cells were transfected with HA-NSP3 and mCherry-NSP4 alone and
then co-expressed to assess their cellular localization.

When NSP3 and NSP4 are expressed alone, they have a diffuse distribution in
the ER, but when they are co-expressed, they colocalize completely in point
structures (Fig. 31a, b). To understand the morphology of these structures, EM
analysis was performed on cells co-expressing HA-NSP3 and mCherry-NSP4.
EM images revealed that these structures correspond to clusters of vesicles with
a diameter of 50-100 nm, surrounded by two membranes (DMVs), with a visible

intermembrane space (Fig. 31c¢).
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Figure 31. Upper, Fluoromicrographs of Hela cells expressing YFP-Cb5 with HA-NSP3 (anti-HA
immunostaining) or mCherry-NSP4. Insets merge with YFP-Cb5. Upper (right), Western blot (WB) of total
lysates from Hela cells expressing HA-NSP3, mCherry-NSP4, Flag-NSP6, or GFP as indicated. Actin was
used as a loading control. Middle, Fluoromicrographs of Hela cells expressing HA-NSP3 and mCherry-
NSP4. Insets, enlargement of the boxed area. Arrowheads, NSP3/NSP4-positive structures. Dashed lines
delineate cell boundaries. Bottom, IEM of Hela cells co-transfected with HA-NSP3 and mCherry-NSP4. Anti-
HA labeling shows gold particles decorating DMVs, indicated by asterisks. Black arrows, ER. Inset,
magnification of boxed area. White arrows in d and e show double membranes. The average DMV size is
92 + 30 nm. Scale bars, 10 um.



Therefore, from the results obtained, NSP3-NSP4 and NSP6 can individually
reproduce the two main features of SARS-CoV-2: DMV and connectors. To
understand the relationship between these three proteins, HA-NSP3, mCherry-
NSP4, and Flag-NSP6 were co-expressed in Hela and Calu-3 cells.
Immunofluorescence analysis of the combined expression of all three membrane
NSPs showed that the spots of NSP3-NSP4 are always in close proximity to the
NSP6 compartment, but never overlapping with it (Fig. 32).
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Figure 32. Upper, Individual fluoromicrographs of a Calu-3 cell co-transfected with Flag-NSP6, HA-NSP3,
and mCherry-NSP4. Bottom, The enlargement of the boxed area shows HA and Flag immunolabelling.
Bottom, (right), Western blot of total lysates from Hela cells expressing HA-NSP3, mCherry-NSP4, or Flag-
NSP6 as indicated. Actin was used as a loading control. Scale bars, 10 um.

To corroborate the results obtained by transient transfection of NSPs, Calu-3
cells were infected, by the group of Patricia Bozza with whom we collaborated,
with an early line or gamma variant of SARS-CoV-2. Subsequently, NSP3 and
NSP6 were labeled with antibodies (Fig. 33). From the results obtained, NSP3
spots are near the NSP6 compartment, suggesting that simple transfection of

NSPs proteins can serve as a tool to reproduce the phenotype of infected cells.
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Figure 33. Calu-3 cells infected with early lineage and Gamma variant SARS-CoV-2. Values represent mean
NSP3- and NSP6-structure distances in nm. Scale bars, 10 um.

To analyze the morphology of the structures detected by immunofluorescence,
CLEM was performed on cells co-expressing HA-NSP3, mCherry-NSP4, and
GFP-NSP6. The dots of NSP3-NSP4 corresponded to clusters of DMVs, while
the structures of NSP6 corresponded to zippered ER tracts, which were distinct
but often close and connected to DMVs (Fig. 34).
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Figure 34. Left Fluoromicrograph and Right EM serial section of an HA-NSP3 + mCherry—NSP4 + GFP—
NSP6—expressing cell. Arrowheads, NSP3/NSP4 co-localization; arrows, NSP6 compartments; black arrow,
NSP6 compartment connection with NSP3/NSP4 DMVs. Scale bars, 10 um (a); 470 nm (b). Experiments
were performed by Lena Polishchuk.

In addition, immuno-EM analysis revealed that clusters of NSP3-NSP4-positive
DMVs were associated with NSP6-positive zippered ER membranes. The
DMVs appeared to be organized in "graph-like" clusters, sometimes with
reciprocal connections. Sections of zippered ER formed connections between
the DMV clusters and the regular ER, similar to those observed in SARS-CoV-
2-infected cells®. NSP6-induced zippered connectors would be able to ensure

membrane-selective continuity of the replication niche with the ER.

4.8 NSP6 organizes the DMVs cluster

Since we observed that NSP6 zippered structures directly connect DMV clusters
to the ER, we asked if there might be functional consequences of these
connections. HelLa cells were transfected with NSP3-NSP4 or NSP3-NSP4-

NSP6 and DMVs were analyzed by immunofluorescence, assessing their
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number and distribution. Notably, NSP3-NSP4 spots were more numerous and
more homogeneously distributed in the cytoplasm of cells expressing NSP3-
NSP4-NSP6, both with the WT NSP6 and the NSP6 (ASGF) version, than those
expressing just NSP3-NSP4, suggesting that NSP6 might provide a cue for the
positioning and organization of DMVs (Fig. 35).
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Figure 35. Upper Number, and distribution of NSP4 puncta in cells expressing the indicated NSPs.
Tomogram (Bottom) and three-dimensional (3D) reconstruction showing connections of zippered ER to
DM Vs (white arrow and arrowhead) and the regular ER (black arrow). Box plots represent the 25th to 75th
percentiles of the data. Scale bars, 160 nm. One-way ANOVA with Tukey’s or Emmeans posthoc test.
Tomographic analysis was performed by Roman Polishchuk.

In addition, the same cells were analyzed by electron tomography, which
revealed that in the absence of NSP6, the connections of the DMV's with the ER

were short and tubular with a clearly detectable lumen (Fig. 36).
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Figure 36. Upper Tomograms and 3D reconstruction showing multiple short DMV—ER tubular connections
(white arrows) in an NSP3/NSP4-expressing cell. Bottom, Tomograms from NSP3/NSP4 and NSP3/NSP4/NSP6-
expressing cells showing DMV—ER connections (arrows). Bottom middle, Intensity profiles along the red lines.,
Bottom right, Morphometry of NSP3/NSP4- or NSP3/NSP4/NSP6-expressing cells. Scale bars, 160 nm; 100 nm.
Unpaired two-tailed t-test. Tomographic analysis was performed by Roman Polishchuk.

By contrast, in the presence of NSP6, DMV clusters were connected to the ER
through much longer sheet-like zippered domains, as shown in Fig 36. The
number of DMVs per connection was also different: an average of about 3
DMVs per tubular connection without NSP6 and about 15 DMVs per zippered

connection with NSP6. In addition, the shape of DMVs was more regular, their
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size more uniform, and their packing within each cluster was denser in the

presence of NSP6 (Fig. 37).
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Figure 37. Upper, Tomographic slice of a Hela cell expressing HA-NSP3/mCherry-NSP4 or HA-
NSP3/mCherry-NSP4/Flag-NSP6, showing DMV clusters with regular round DMVs (white arrows) and large
and elongated DMV (black arrows). Upper right, Length of DMV-ER tubular or zippered connections in
NSP3/NSP4 or in NSP3/NSP4/NSP6-expressing cells, respectively. Single values are plotted. Medians are
shown (n > 14 connections), two-tailed unpaired t-test. Middle graph, DMV densities were calculated in
tomograms as the number of vesicles per um3 in a volume occupied by a DMV cluster; Single values are
plotted, Median is shown, and a two-tailed unpaired t-test. Bottom graph, Frequency histograms of DMV
diameter measured from tomograms of cells expressing NSP3/NSP4 (average diameter 80.87 nm) or
NSP3/NSP4/NSP6 (average diameter 67.50 nm). Nonparametric Kolmogorov-Smirnov (KS) test. n>135
vesicles. Scale bar, 180 nm. Experiment performed by Roman Polishchuk.
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These results indicate that co-expressed NSP3-NSP4-NSP6 produce DMV
clusters that reproduce replication-like structures (ROLS) and that NSP6

organizes these clusters.

4.9 K22 blunts the activity of NSP6 on DMVs and
interferes with SARS-CoV-2 replication

Because K22 treatment showed altered zippering activity of NSP6, its effect was
also analyzed on ROLS. HelLa cells were transfected with NSP3-NSP4 or NSP3-
NSP4-NSP6 and treated with 40 uM K22 overnight. The cells were then
analyzed by immunofluorescence to determine any effect on the number and
distribution of NSP3-NSP4—positive spots (Fig. 38). No effect was observed on
the number and distribution of spots in cells transfected with NSP3-NSP4. In
contrast, in cells transfected with NSP3-NSP4-NSP6, no increase in NSP3-NSP4
spots was observed, suggesting that NSP6 activity was interfered with by K22

treatment.
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Figure 38. Upper, Hela cells transfected with HA-NSP3 and mCherry-NSP4 for 5 h were further transfected
or not with Flag-NSP6 and treated with DMSO or K22 (40 uM, 16 h) followed by immunostaining as
indicated. Bottom, Quantification of the number of NSP4 puncta/cell. Single values are plotted. The
median value is shown. One-way ANOVA test with Tukey’s posthoc. ns, not significant. Scale bar, 10 um.

In addition, analysis conducted by EM in cells transfected with NSP3-NSP4-
NSP6 with K22 treatment revealed that DMV clusters in these cells contained
significantly fewer vesicles with a less regular shape that lost zippered

connections (Fig. 39).
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Figure 39. CLEM analysis of K22-treated cells. Upper, Fluoromicrograph of Hela cell expressing HA-NSP3,
mCherry-NSP4, and Myc-NSP6. The inset corresponds to the boxed area and shows NSP3/NSP4-positive
structures (arrows) close to the NSP6 compartment (arrowhead). The NSP6 compartment corresponds to
a circular zippered ER structure (arrowhead) close to but not connected with the NSP3/NSP4 puncta that
correspond to DMVs (arrows). The empty arrow indicates a tubular connection of a DMV to the regular ER
(magnified in the inset). Middle, Ultrastructure of DMV clusters in K22-treated cells expressing HA-NSP3,
mCherry-NSP4, and Myc-NSP6. Serial sections show a DMV cluster with irregular elongated DMVs (black
arrows). The empty arrow indicates a tubular connection of a DMV with a regular ER. Bottom,
Morphometric analysis of serial sections from untreated (NT) and K22-treated cells to quantify the number
of DMVs per cluster, DMV shape factor, and the number of tubular or zippered connections per DMV
cluster. Single values are plotted, Medians are shown, and two-tailed unpaired t-tests. scale bar, 4.4 um;
370 nm; 320 nm. CLEM analysis was performed by Lena Polishchuk.

To confirm and corroborate these results, Calu-3 SARS-CoV-2 infected cells
were treated with K22. We found that K22, at the (relatively high) concentration
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of 40 uM, but not at lower concentrations!?’, interferes with ROLS biogenesis,

inhibiting SARS-CoV-2 replication (Fig. 40).
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Figure 40. Antiviral activity of K22. Calu-3 cells infected with SARS-CoV-2 without (left panels) or with (right
panel) K22 treatment. Right, cells were immunostained for dsRNA and NSP6. Nuclei were stained with
DAPI. Scale bar, 20 um. Experiment was performed by Patricia Bozza.

4.10 NSP6 (ASGF) exerts more organization on DMVs

than the reference one

To analyze the effect of NSP6 (ASGF) on DM Vs, HeL a cells were co-transfected
with NSP3-NSP4-NSP6 (ASGF). From EM and tomographic analysis, NSP6
(ASGF) also enhances and organizes NSP3-NSP4 puncta formation. In
particular, each DMV cluster contains a more significant number of DM Vs of a
more homogeneous size, showing a more developed zippered connection system

than the reference NSP6 (Fig. 41).
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Figure 41. Upper, Tomogram and 3D reconstruction of an NSP3/NSP4/NSP6(ASGF)-expressing cell,
showing numerous zippered ER domains connected to DMVs (white arrows) and regular ER (black arrows).
Bottom, quantification of the number of ER zippered connections per DMV cluster and number of DMVs
per cluster. Single values are plotted, and Medians are shown. Bottom right, Frequency histograms of DMV
diameter measured from tomograms of cells expressing NSP3/NSP4/NSP6 (average diameter 67.50 nm)
or NSP3/NSP4/NSP6(ASGF) (average diameter 68.51 nm). The histograms were analyzed using the non-
parametric Kolmogorov-Smirnov (KS) test. n > 123 vesicles. Two-tailed unpaired t-test. Scale bar, 160 nm.
Tomographic analysis was performed by Roman Polishchuk.

Finally, to understand whether the effect of NSP6 deletions could increase the
formation of zippered connectors in infected cells, these structures were
compared in an early line and the Gamma SARS-CoV-2 variant (which contains
the SGF deletion in NSP6) in Calu-3-infected cells by EM analysis.

Notably, the Gamma strain showed a much more extensive zippered connector
system linking DMVs to each other and the ER (Fig. 42). It could be
hypothesized that the enhanced zippered closure activity of NSP6 (ASGF) plays
a role in creating a more functional and better-shielded replication organelle,

providing one of the multiple mechanisms contributing to the reported
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differences in replication dynamics and immune evasion of NSP6 (ASGF)-
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Figure 42. Left, Tomograms showing zippered ER connections (arrows) to DMVs in Calu-3 cells infected
with early lineage and Gamma variant SARS-CoV-2. Right, Length of zippered ER connected to DMVs in
infected cells (N = 10, n > 20), and from early lineage* (Bavpat1/2020) data in EMPIAR-10490 (29
tomograms). Scale bars, 200 um. EM analysis was performed by Roman Polishchuk.

4.11 NSP6 mediates replication organelle-LD

association

As previously noted, the C-terminal tail of NSP6, specifically an 80-amino acid
fragment (NSP6-C80), cannot induce the formation of the NSP6 compartment.
This deletion form of NSP6-C80 was expressed in HelLa cells and showed
association with a compartment of round cytoplasmic structures.

To wunderstand the localization of NSP6-C80, differential staining for

endosomes, Golgi, and mitochondria was performed but was found to be
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negative. Surprisingly, NSP6-C80 appeared to colocalize completely with the
lipid droplets (LDs) (Fig. 43).

Figure 43. Fluoromicrographs of Hela cells expressing Flag-NSP6-C80 (i.e., the last 80 amino acids of NSP6.
Anti-Flag antibody and staining for LDs using BODIPY C12. Insets, enlargement of boxed areas.
Arrowheads, colocalizing structures. Scale bars, 10 um.

Interestingly, in HeLa cells expressing the mutated version of NSP6-C80 (NSP6-
C80(F220Q/T222W)) that lost the amphiphilic properties of its amphipathic
helix, no association with LDs was observed, showing a diffuse distribution,

suggesting that this association is due to the amphipathic helix (Fig. 44).

Figure 44. NSP6-C80 mutated in residues that abrogate the amphiphilic properties of the AH fail to
associate with LDs. Cells were immunostained with anti-Flag Ab (green) and BODIPY-DA-C12 (red). Scale
bars, 10 um.
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To better characterize the role of LDs in viral replication, we found that 40% of
the areas of viral replication labeled by double-stranded RNA (dsRNA) and
NSP6 are associated with LDs in Calu-3 cells infected with SARS-CoV-2.
Furthermore, the DGAT-1 inhibitor A922500-a inhibited LD biogenesis and
significantly reduced viral load, suggesting that LDs are required for SARS-

CoV-2 replication in Calu-3 cells (data not shown).

Next, to characterize the ratio of LDs and NSPs, HeLLa and Calu-3 cells were co-
transfected with NSP3-NSP4-NSP6, NSP3-NSP4, or NSP6 and analyzed by LD
staining. As observed in the infected cells, LDs were found in the vicinity of
ROLS but not in cells expressing only NSP3-NSP4. Interestingly, LDs were
located very close to NSP6 structures in cells expressing only NSP6, indicating
that the association of LDs with ROLS is mediated by NSP6, as shown in Fig.
45.
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Figure 45. Left, Hela cells expressing the indicated NSPs stained with BODIPY-488 for LDs (green). Insets,
enlargement of the boxed area; arrowheads, LDs close to ROLS (left) to NSP6 (right). Bottom panels and
green circles delineate the position of LDs. Right, the Distance of LDs from NSP4 and NSP6 puncta was
measured in whole cells expressing the indicated NSPs. LD to NSP4 puncta. Scale bars, 10 um, Box plots
represent the 25th to 75th percentiles of the data (center line, median; whiskers, minima, and maxima).

4.12 DFCP1 tethers LDs to the ROLS compartment
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We examined several proteins among the various molecular actors that could
promote the association of LDs with the reticular membranes of which ROLS is
composed'!*!"'! We found the involvement of DFCP1 and RAB18 (Fig. 46).

Specifically, in HeLa cells co-transfected with NSP3-NSP4-NSP6-DFCP1,
DFCP1 was recruited by NSP6; differently, it was not recruited on NSP3-NSP4
structures in cells co-transfected with NSP3-NSP4-DFCP1. Similarly, in HeLa
cells co-transfected with RAB18 and NSP6, RABI8 turns out to be fully

recruited on the structures of NSP6 (data not shown).

+ HA-NSP3 + mCherry-NSP4 + Flag-NSP6

Figure 46. Hela cells expressing GFP-DFCP1 alone or with mCherry—NSP4 + HA-NSP3 + Flag—NSP6.
Arrowheads, DFCP1 signal in the NSP6 compartment. Bottom, Individual fluoromicrographs and merge of
cells co-expressing GFP-DFCP1, mCherry-NSP4, and HA-NSP3 (anti-HA immunostaining). Scale bars, 10 um.

The interaction between NSP6 and DFCP1 was further confirmed by the intense
FRET signal measured in cells expressing GFP-NSP6 and mCherry-DFCP1.
Through biochemistry experiments, the ability of DFCP1 to pull down NSP6

from the lysates of cells expressing HA-NSP6 was confirmed (data not shown).
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Interestingly, co-transfection of NSP6(1-157) and DFCP1 does not show
recruitment of DFCP1 onto NSP6, suggesting that it is the C-terminal domain of
NSP6 that mediates recruitment (Fig. 47).

FYVE

DFCP1 ~@I—-CEDO0O
+

FLAG-NSP6 1-157

Figure 47. Fluoromicrographs of cells co-expressing GFP-DFCP1 and Flag-NSP6(1-157). Scale bar, 10um.

4.13 DFCP1 recruitment to NSP6 structures is
independent of PtdIns3P

Since DFCPI is known to play a role in autophagy, particularly in omegasome
biogenesis through a phosphatidylinositol 3-phosphate-dependent process
(REF), we wanted to ascertain whether the recruitment of DFCP1 on NSP6
structures behaved similarly. Therefore, we generated a mutant of DFCP1
(DFCP1(A1-416)) that lacks the N-terminal domain but includes the ER-
targeting domain and the two FYVE domains!!'?. We co-transfected HeLa cells
with Flag-NSP6 and mCherry-DFCP1(A1-416), and observed that they are still
recruited to the NSP6 compartment. We subsequently generated the FYVE
domain mutant C654S/C770S, which cannot bind phosphatidylinositol 3-
phosphate (PtdIns3P), which, co-transfected with NSP6, still shows recruitment
onto the NSP6 compartment. Finally, the single point mutant W543A in the ER
domain, when co-transfected with NSP6, is no longer recruited to NSP6-positive
structures (Fig. 48).

Thus, unlike recruitment to the omegasome (the site of autophagosome

formation), recruitment of DFCP1 to the ROLS is independent of PtdIns3P.
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Figure 48. Fluorescent images of Hela cells transfected with the indicated DFCP1 mutants alone or in
combination with NSP6 (as shown). A schematic representation of DFCP1 mutants is reported on top.
Arrowheads, DFCP1 signal in the NSP6 compartment. Insets, an enlarged merge of boxed areas. Numbers
indicate the percentage of colocalization between DFCP1 mutants and NSP6. Mean + SD. Scale bar, 10um.

Furthermore, we treated cells co-expressing NSP6 and DFCP1 with PI3K
inhibitors wortmannin or SAR405, preventing the generation of PtdIns3P (Fig.
49). We found that treatment did not affect the recruitment of DFCP1 to the
NSP6 compartment. SAR405 did not impair NSP6 compartment formation,

which excludes a role for PtdIns3P in this process.

80



SAR405 1uM Wortmannin 100nM

mCherry-DFCP1 +

Figure 49. Fluorescent micrographs of cells expressing mCherry-DFCP1 and Flag-NSP6 treated with SAR405
or wortmannin. Anti-Flag immunostaining. Scale bar, 10um.

In support of an autophagy-independent role of DFCP1 recruitment by NSP6,
the number of autophagosomes labeled with an LC3 antibody in cells expressing

NSP6 was comparable to that in non-transfected cells (data not shown).

4.14 LDs fuel SARS-CoV-2 replication via the NSP6

protein

LDs, as anticipated in the introduction, play a load-bearing role in the replication
of many viruses by supporting their replication and promoting the formation of

the replicative complex. In the case of SARS-CoV-2, we found the proximity of
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LDs to ROLs, suggesting a role for lipids in the replicative process. To
understand whether functional LDs could be "utilized" by ROLs, we expressed
NSP3-NSP4 or NSP3-NSP4-NSP6, or NSP6 alone. We assessed the area of
individual LDs by staining Bodipy, a fluorescent fatty acid incorporated into
LDs.
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Figure 50. Left, LD staining (BODIPY-488, green) of control (mock-transfected) and DFCP1-knockdown
(DFCP1-KD) cells expressing mCherry—NSP4 + HA-NSP3, mCherry—NSP4 + HA-NSP3 + Flag—NSP6 or non-
transfected (NT). Insets, mCherry—NSP4 fluorescence (red), and anti-Flag immunostaining (blue). Middle,
Graph, quantification of LD area in cells. Values are normalized to the NT-cells in either the control or the
DFCP1-KD condition. Right, Number of NSP4 puncta per cell in mCherry—NSP4 + HA-NSP3 + Flag—NSP6-
transfected cells without (control) or with DFCP1-KD. Wilcoxon test; unpaired two-tailed Mann—Whitney
test. NS, not significant. Box plots represent the 25th to 75th percentiles of the data (center line, median,
whiskers, minima, and maxima). Scale bars, 10 um.
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Specifically, we found that LDs are consumed during ROLS formation in cells
expressing NSP3-NSP4-NSP6 and in cells expressing only NSP6, but not in cells
expressing NSP3-NSP4. In addition, we used a fluorescent fatty acid
incorporated into LDs capable of being metabolized and transferred to different
compartments®’, which shows more efficient transfer to NSP3-NSP4 structures
in the presence of NSP6 (data not shown).

This suggests that NSP6 has a role in conveying LD-derived lipids to ROLS.
Interestingly, NSP6-dependent LD consumption and ROLS formation were both
inhibited by DFCP1 knockdown (Fig. 50).
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Finally, consistent with recent reports''®, DFCP1 depletion also inhibited SARS-
CoV-2 replication, confirming that LD availability is necessary to sustain viral

replication (data not shown).

5. Discussion

As of December 2019, the rapid spread and transmission of Coronavirus
Disease-19 (COVID-19) among the world population has reached pandemic
proportions affecting all continents, so much so that the epidemic has been
declared a global pandemic. In the past two years, most of the research on SARS-
CoV-2 has been conducted to understand the mechanism of virus entry, focusing
on the binding between the Spike protein and the ACE2 receptor, acting on
inhibition of virus-host cell fusion vector binding. In this context, in this work
we tried to expand the knowledge about non-structural proteins, known to play
a role during viral intracellular pathways, but whose mechanisms are often not
well understood. One of the key steps in the SARS-CoV2 cell cycle is
replication, a highly organized and poorly understood process. Although the
function (as reported in the introduction) of the non-structural proteins that drive
the replication and transcription complex is known, little is known about the
compartment in which this process occurs: the replication organelle. In
particular, when we started our research, the role of NSP3-NSP4 in SARS-CoV2
had not been defined. Instead, it was known for SARS-CoV that both proteins
were necessary for DMV. For this reason, we focused on SARS-CoV2 NSP3,
NSP4 and especially NSP6 for which we defined a novel role for NSP6 during
replication organelle formation. In previous works, NSP6 protein was usually
tagged at the C-terminus, showing a diffuse ER localization. By tagging the
protein at the N-terminus, we showed that NSP6 was able to induce the
formation of roundish or linear structures, colocalizing with the ER reporter

protein Cb5. By analyzing the structure of the NSP6 compartment using EM,
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immuno-EM, and CLEM techniques, we confirmed that such structures are
composed of zippered ER (juxtaposed membranes leaving a small luminal
space) and demonstrated that they work as connectors between the ER and
DMVs. Furthermore, these NSP6-induced tubules appear to be necessary to
organize DM Vs and to promote their unique association with the ER.

In addition, we have shown that NSP6 connectors mediate the association of
replication organelles with LDs. SARS-CoV-2 is not the only virus to use LDs
for replication; in fact, Flaviviruses also recruit LDs to the replicative and
assembly compartment, and inhibition of LDs synthesis impairs both replication
and virion packaging!'*.

In the case of SARS-CoV-2, the role of LDs could be in releasing free lipids for
membrane biogenesis on the one hand and for expanding the intracellular
membrane surface to form DMVs on the other.

In particular, it was shown in the work of Dias et al. (2020) that lipid droplets
fuel SARS-CoV-2 replication and that SARS-CoV-2 infection triggers the
formation of LDs in several human cell lines. These LDs were found in close
apposition with SARS-CoV-2 double-stranded (ds)-RNA in infected Vero cells.
Inhibition of LD formation synthesis by targeting DGAT-1 with A922500 blocks
SARS-CoV-2 replication”.

In this thesis, we characterized this process by unraveling the mechanism of
replicative compartment association to LDs by establishing the particular role of
NSP6 in mediating this connection. This process is closely linked to the C-
terminal amphipathic tail of NSP6 that docks LDs. In fact, the mutant with
deletion of the C-terminal part of NSP6 is unable to redistribute to LDs.

We further demonstrated that recruitment of lipids to the DM Vs its pivotal for
viral replication. These results open a new scenario in the study of the role of
lipids in SARS-CoV-2 infection. In the future, a fuller understanding of the role
of specific lipids into the biogenesis of the RO could represent a key player to

target in the treatment of patients. Moreover, this approach could be translatable
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to many other viral pathogens that generate ROs similar to the structures

described here for SARS-CoV-2.

The relevance of NSP6 activity in the pathogenesis of SARS-CoV-2 is also
demonstrated by the convergent evolution of several viral strains, which appear
to be the most virulent, that share the same tri-amino acid deletion in the NSP6
protein'®. Specifically, in this work we have shown that the NSP6(ASGF)
mutant, which has a deletion of amino acids 106-108 in the second luminal loop
of NSP6, (which has undergone convergent evolution in VOCs Alpha, Beta,
Gamma, Eta, Iota, and Lambda) has high homodimerization efficiency and
increased ER zippering activity. Moreover, the recent and highly infectious
BA.2 (omicron) variant also shows a deletion in the second and longer luminal
loop of NSP6 (LSGF: 105-108) that harbors a consensus motif of O-
glycosylation, which could act as a spacer forming luminal bridges. Therefore,
deletion of SGF could also convey increased zippering activity by shortening the
'spacer’ and/or preventing its O-glycosylation. This result suggests that the
zippering activity of NSP6 could increase and make the replicative rate more
efficient, resulting in the most infectious viral strains.

In accordance with what has been demonstrated, abolishing the zippering
activity of NSP6 interferes with the replication activity of SARS-CoV-2. Indeed,
we have shown that K22, a drug known for its antiviral activity in coronavirus
infections, interferes with NSP6 structures in both transfected and infected
cells'®. In this work, we characterized NSP6 as a key player in RO formation,
suggesting that it might be a promising target to combat COVID-19. This result
could represent an important milestone in the treatment of COVID-19, as it
provides a potentially actionable new drug and demonstrates that targeting NSP6

activity could be beneficial for the cellular response to infection.

Moreover, in this work, we also determined that NSP6 connectors are

inaccessible to all ER proteins that have a large luminal portion. In contrast,
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membrane proteins or those with small luminal tracts can cross the connectors,
similarly to lipids. This mechanism of action of NSP6 is probably due to
safeguarding the formation of DMVs by filtering out proteins that may or may
not access the structures, depending on their structure or size. This activity of
NSP6 could represent a way of escaping the host cell's protective pathway that
would lead to the degradation of the viral genome, among them the activation of
the UPR pathway. In mammals, UPR signaling may be mediated by the
activation of three signal transducers located in the ER: activating transcription
factor 6 (ATF6); double-stranded RNA-activated protein kinase (PKR)-like ER
kinase (PERK); and inositol-requiring enzyme 1 (IRE1)''>. In our work, we have
shown that ATF6 is completely excluded from NSP6 structures, and because
each of these proteins has a bulky ER-luminal domain by which ER stress
conditions are sensed, it is very likely that PERK and IRE1 are also completely

excluded.

Open questions

UPR pathway in SARS-CoV?2 infection

In SARS-CoV2 infection, there are discordant works on the activation of ER
stress mediated by IRE1, ATF6 or PERK.

Specifically, in the work of Nguyen et al 2022, IREla is activated by
autophosphorylation, but its RNase activity fails to cleave XBP1. Suggesting
that SARS-CoV2 can control and modulate this pathway to escape the host
immune responselm. In the work of Echavarria-Consuegra et al., 2021, IREla
and ATF6 are activated during infection and their inhibition blocks SARS-CoV2
replication!!”.

Future studies need to clarify whether and how the UPR pathway may be
modulated by SARS-CoV?2 infection. It may be possible that in the early stages

of infection, to promote the formation of the replication complex and viral RNA
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replication there is modulation and inhibition of the pathway. Subsequently,
once the replicative rate increases, and the amount of viral protein produced, the
host cell tries to deal with the stress and activates a defense response.

Definitely, this stands as a new potential target for implementing anti-COVID-
19 drugs. It will be of interest to observe the effect of ER stress induction in our
transient transfection cell system of NSP3-4-6, to actively study morphological
and structural alterations of DMV compartments and connectors. In addition,
future studies will aim to elucidate the accessibility of PERK and IRE1 to NSP6

structures and their subsequent activation.

Role of lipids in RO biogenesis

The characteristic of NSP6 to act as a molecular filter could also select lipids.
Indeed, it is reported that many viruses developed numerous strategies to exploit
existing lipid signaling, especially to determine the compartmentalization of
organelles and their different functions. In fact, RO membrane curvature may be
related to either site-specific accumulation of lipids during viral infection, by
viral proteins or by exploiting host membrane proteins that induce membrane
curvature. Therefore, targeting lipid membrane composition/metabolism could

represent relevant targets to inhibit viral infection.

Interestingly, commonly to all Flaviviridae, the incorporation of cholesterol in
HCV replication membranes may alter the biophysical properties of the
membrane and facilitate the assembly of HCV!'8, Indeed, HCV infection
stimulates cellular PI4P production by PI4-kinase III-alpha to promote ROs. In
particular, PI4P is recruited to the viral replication site to allow the recruitment
of lipid transfer proteins like OSBP and CERT, which may facilitate the
enrichment of cholesterol into the membranous web of replication and

assembly!'!*'2! In this regard, the use of drugs such as B-cyclodextrins have
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been shown to disrupt the structure of the membranous web and inhibit viral
replication'?>"1?*, Similarly, the use of the chemical inhibitor PIK93 or siRNA
of PI4KIlla activity results in the formation of an aberrant replication

compartment'?>12°,

Regarding coronaviruses and particularly SARS-CoV2, it is still unclear what
contribution lipids may make to RO biogenesis. The most explored stage of the
CoV life cycle has been viral entry, which has been shown to be mediated by the
S protein that binds cholesterol to HDL particles, and that uptake of HDL by SR-
B1 facilitates viral entry into cells co-expressing the ACE2 receptor'?’.

In addition, cholesterol depletion with methyl-B-cyclodextrins has been shown
to decrease viral entry of several coronaviruses, including SARS-CoV-2!%%, It
might be interesting to understand how to translate this type of drug treatment to

patients to combat COVID-19.

Lipidomic analyses revealed an increase in polyunsaturated glycosphingolipid
levels induced by SARS-CoV2 infection, while saturated lipids decreased,
suggesting that viral membrane structures require a particularly high level of
fluidity. As reported, sphinganine, sphingosine, GA1 and GM3 levels are
significantly increased after SARS-CoV2 infection. This specific lipid
enhancement seems to be essential for viral replication as it can be inhibited by
treatment with glucosylceramide synthase inhibitors'?*!3!, Recently, in the work
of Tabata et al. 2021, acyl-glycerophosphate acyltransferases (AGPAT) 1 and 2,
two enzymes that catalyze the formation of phosphatidic acid (PA), were found
to be recruited on DMVs of SARS-CoV-2 and also HCV. Probably, LPA-PA
conversion by AGPATs contributes to negative membrane curvature of DM Vs.
Importantly, the pharmacological inhibition of PA synthesis impaired HCV and
SARS-CoV-2 replication as well as formation of DMVs!3,

To understand whether the RO compartment is accessible to lipids and whether

these play a role in dictating the structure of ROs would be an interesting avenue
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of research to pursue. Using the transient transfection system, one can faithfully
reproduce the structure of ROs and especially the defects that may arise from

inhibition of lipids critical for biogenesis.

Host factors involved in RO biogenesis

In the work of Mingming et al. 2022, it was shown that TMEM41B and VMP1
are required for DMV formation. These two proteins act as ER scramblases that
can shuttle between phospholipids in the bilayer membrane.

In particular, VMP1 appears to play a role in the distribution of
phosphatidylserine (PS). DMVs generated in VMP1 KO cells are altered,
hypothesizing an important role of this protein.

In TMEMA41B-deficient cells, altered autophagosome formation, enlarged lipid
droplets, and reduced B-oxidation of fatty acids are observed. In the case of
SARS-CoV2 infection, TMEM41B KO cells show an altered DMV phenotype,
hypothesizing that TMEM41B facilitates ER membrane remodeling to form
ROs!3.

It will need to be clarified whether these two proteins are necessary as host
cofactors in participating in the biogenesis of DMVs or whether their role is
related to proper lipid distribution that promotes the structure of DMVs.
Certainly, the missing piece of the puzzle is understanding the lipid and protein
composition of DMVs. In the future, immuno-isolation of this compartment and
subsequent mass spectrometry and lipidomic analysis may shed light on a little-
explored phase of SARS-CoV2. In particular, given the molecular filter function
of NSP6, it will be important to understand what contribution it may make to the
composition of DMVs and how this may translate to replication step.

In addition, future studies will aim to use an inducible cell system expressing the
SARS-CoV2 replicon to examine the host factors and lipid contribution to the
replicative process and constitution of DMVs. The choice of the SARS-CoV2
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replicon allows, in a transient and more manageable system, to study a much

more infection-like context.

As mentioned earlier, TMEM41B plays a role in autophagosome formation. In
our work, we demonstrated that DFCP1, a protein closely involved in the
recruitment of autophagy machinery for autophagosome formation, is fully
recruited on NSP6 structures. We have, however, shown that the role of DFCP1
is independent from the autophagy pathway, as mutants of DFCP1 that are
unable to bind PI3P remain recruited to NSP6 structures.

Despite the similarity of the double membrane structure compartment between
the autophagosome and DMVs, which might have suggested a common
biosynthesis pathway, we did not observe the involvement of the autophagic
pathway in our experiments. In fact, inhibition of PI3K, which drives the
autophagic process, does not affect at all with the formation of NSP3-4-6
structures. In addition, NSP6 as well as NSP3 and NSP4 show no colocalization
with LC3 puncta and do not promote its increase. We cannot exclude the
possibility that some others partners involved in autophagy may be used as host

factors in viral infection, so further studies will be aimed at clarifying this aspect.
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6. Conclusion

The results of the work performed in this thesis have provided solid data on the
role of SARS-CoV-2 NSP3 and NSP4 proteins in creating the specialized DMVs
that represent the RO where the viral genome is replicated, but more importantly
report mechanistic details on the role of NSP6 in this process. Up until now,
practically nothing was known about NSP6. Here, I have given insight into its
structure and function in promoting the formation of zippered ER membranes as
connectors between DM Vs and ERs, as observed in infected SARS-CoV-2 cells.
NSP6 can organize the development of DM Vs in space and time. I also identified
host factors that impact on RO formation by refurbishing them with LD-derived
lipids. Validation of some of the findings were validated in SARS CoV-2
infected cells.

In addition, NSP6 is promoted as a therapeutic target by inhibiting the formation
of zippered structures using a small molecule called K22. This inhibition of the
zippering activity of NSP6 results in a decrease and morphological alteration of
DMVs, suggesting a pivotal role of NSP6 in the proper biogenesis of this
compartment, which has also been confirmed in infected cells. In addition to
dissecting aspects of the SARS-CoV-2 life cycle, the high level of conservation
of NSP6 in other coronaviruses could provide the possibility to develop broader

antiviral therapies.
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Figure 51. NSP6-induced zippered connectors are cues and organizers for NSP3/NSP4-induced DMV
formation acting as selective communication tracks with the ER. In addition, the connectors might also
serve as fast tracks to refurbish the actively growing subpopulation of DMVs with lipids derived from LDs.
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Figure 3. SARS-CoV-2 Spike protein binds to the angiotensin-converting enzyme 2
(ACE2) to enter target cells. After receptor binding (1), the virus S protein is cleaved
by proteases such as furin/TMPRSS2 into S1 and S2 subunits (2) that mediates S2-
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variants with a focus at the ACE2-Spike RBD interface”, by Villoutreix et al., 2021,
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Figure 4. Structures of pre-fusion and post-fusion trimers of the S protein. (b) Possible
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Figure 5. Entry of SARS-CoV-2. Membrane fusion, upon binding to the host cell
receptor ACE2, the SARS-CoV-2 spike protein can be cleaved at the S1/S2 site by furin,
which leads to conformational changes that expose the S2' site for cleavage by
TMPRSS2, that results in viral-human cell fusion at the plasma membrane. Endocytosis,
if separation of both sites does not occur at the cell surface after receptor binding, the
virion may be endocytosed. Cathepsins within the endosome or lysosome can then
cleave the spike protein to activate the spike protein and, then, the membrane fusion.
Reprinted from “Cell entry by SARS-CoV-2”, by Peng et al.,, 2021, Trends in
BioChemical SCIENCES. .. ..uiiriiieriieeiiieeiee ettt ettt e s e s 15
Figure 6. Discontinuous transcription. The RdRp complex initiates transcription at the
3’ end of the positive-sense genome (1). Upon copying the TRS-B sequence (2), the
RdRp complex may “jump” to the TRS-L sequence (3) owing to the complementarity
between the TRS-B sequence on the nascent sg RNA and the end TRS-L sequence on
the genome. Transcription is resumed on the new template, and the leader sequence
(shown in red) is copied to complete the negative-strand sg RNA. The RdRp complex
does not always switch templates at TRS-B sequences, resulting in the synthesis of
genome-length negative-strand RNA. The negative-strand RNAs serve as templates for
synthesizing genome-length positive-strand RNAs or sg mRNAs. Reprinted from “The
molecular virology of coronaviruses” by Hartenian et al., 2020, JCB Review. ......... 17
Figure 7. Shown is a model of how the different proteins in the coronavirus replisome
come together on the viral negative-strand while synthesizing the positive-strand RNA.
The core replicase is predicted to consist of the RARp (NSP12), processivity factors
(NSP7-8), and ExoN complex (NSP14, NSP10). The helicase is shown to be unwinding
the dsRNA ahead of the replisome, and the SSB (NSP9) is shown as a dimer protecting
single-stranded regions of the RNA. The 29-O-MTase (NSP16), which is predicted to
be involved in RNA capping, is also indicated. Reprinted from “The molecular virology
of coronaviruses” by Hartenian et al., 2020, JCB ReVIEW. ......cccevvreeeerureeeeriiireeeenns 18
Figure 8. The sequential enzymatic action performed during viral mRNA 5’capping.
NSP13 removes the 5’y-phosphate from the 5’ nucleotide generating the ppN-RNA; a
GTase adds GMP to the 5’-terminus of ppN-RNA; NSP10 and NSP14 cooperate to add
a methyl group to form the capO structure; NSP10 and NSP16. Methyl donor group: S-
adenosyl methionine (SAM). Reprinted from “A Structural View of SARS-CoV-2 RNA
Replication Machinery: RNA Synthesis, Proofreading and Final Capping”, Romano,
M., et al., 2020, Cells, 9(5), 1267 .ottt e e eeeeee e e 19
Figure 9. Schemes and membrane topology of the structural SARS-CoV-2 proteins
nucleoprotein (N) (A), membrane (M) (B), viroporin envelope (E) (C), and spike (S).
Reprinted from “Betacoronavirus Assembly: Clues and Perspectives for Elucidating
SARS-CoV-2 Particle Formation and Egress” by Bracquemond et al., 2021, American
Society for MIiCrODIOIOZY™. ...vviieeeiiieeeeiiiiee ettt e et e e et e e e eer e e e e e ee e e eeaaeeeenes 23
Figure 10. Egress of the CoV viral particles. Lower panel: After the replication of
mRNAs in the DMVs, viral structural proteins mediate the formation of viral-like
particles (VLP). Vesicle accumulation occurs at the intermediate compartment
membranes and then is released to the extracellular space via 3 different routes.
Reprinted from “The life cycle and enigmatic egress of coronaviruses”, by Prydz et al.,
2022, Molecular MicrODIOlOZY ........uuuviriieeeiiieiiiiieieeeeeeeecciiireeeeeeeeeeeinrereeeeeeeeeaens 25
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Figure 11. Invaginated spherules and double-membrane vesicles (DMVs) by electron
tomography. Reprinted from “Multiscale Electron Microscopy for the Study of Viral
Replication Organelles”, by Wolff et al., 2021, VIruses. .......ccceeevvveerriveeniueeeriueeenne 26
Figure 12. Pathways hypothesized for the formation of Double-Membrane Vesicle
(DMV) and Representative 3D Models. Pathl, possible intermediates observed during
Picomavirus infection. Path2, hypothetical intermediates observed during Nidovirus
infection. Reprinted from "Double-Membrane Vesicles as Platforms for Viral
Replication," by Wolff et al., 2020, Trends in Microbiology. .........cccceeeeecrvrvereeennnn. 29
Figure 13. HeLa cells expressing YFP—Cb5 alone, co-expressing C- or N-terminally
Flag-tagged NSP6, or co-expressing untagged NSP6. Insets, enlarged merged images
of boxed areas; arrowheads, NSP6 compartments; dashed lines, cell boundaries. Scale
DATS, 1O LTI, ©eviiiiiiiiiee et ee e ettt e e e ettt e e e ettt e e e e taeeeeeaabeeeeesasaeeeesansaeeeennsseeeeanraeaens 45
Figure 14. HeLa cells transfected with Flag-NSP6 immunostained with anti-Flag,
lysosome marker (anti-LAMP1), endosome, and autophagosome marker (anti-EEA1 or
anti-LC3). Scale bars, 10 [M. .....cccviiiieiiiiieeeiiee et e et e e e e e e eeaaeeeeaes 46
Figure 15. Fluoromicrographs of HeLa cells expressing YFP-Cb5 and either IBV NSP6-
Flag (upper panels) or IBV-Flag-NSP6 (lower panels). Cells immunostained with anti-
Flag antibody (red). Scale bars, 10 LML .........ccoeeiiiiiiiiiiee e 47
Figure 16. Left, IEM (anti-haemagglutinin (HA) immunolabelling) and EM of HeLa
cells expressing HA—NSP6. White arrowheads, linear zippered ER membranes; black
arrowheads, circular zippered ER membranes; black arrows, continuity between
zippered and regular ER membranes. The regular ER is shown in green. The average
size of circular NSP6-positive ER structures is 623 + 231 nm. Right, Morphometric
analysis of NSP6-expressing cells (percentage of the ER surface associated with regular
cisternae or zippered domains). Mean + s.d. Scale bars, 120 nm. Experiments were
performed by Roman and Lena PolishChukK..........ccceeeeeiiiiieiiciiiieeiiiee e 48
Figure 17. Upper, Immuno-CLEM analysis of the NSP6 compartments.
Fluoromicrograph of HA-NSP6. With the enlargement of NSP6-labelled structures 1—-
7 that were identified on EM serial sections. Bottom, Serial sections of structure 6. Black
arrows, NSP6-positive linear zippered membrane connections with ER cisternae. White
arrows, NSP6-positive circular zippered structures. Scale bars, 4 um (Upper, left); 1.1
um (Upper, middle and right); 250 nm (Bottom). Experiments were performed by Lena
POLISHCIUK .....eeiiiieeiiee ettt sttt e st e e s 49
Figure 18. Fluoromicrographs of HeLa cells expressing CLRT-mCherry, GFP- KDEL,
GFP-ERGIC53, GFP-ATF6, GFP-ATL2, GFP-KDELR alone (left panel) or with GFP-
NSP6 and mCherry-NSP6 (middle and right panel). Small panels, enlargements of
boxed areas, and arrowheads indicate co-localization. Scale bars, 10 ym. ................ 50
Figure 19. HeLa cells expressing C-terminal or N-terminal Flag-tagged NSP6
immunostained with anti-Flag antibody and an antibody against a luminal epitope of
TGN46 after permeabilization with digitonin and subsequently with Triton-X-100.
Scale bar, 10 um. Experiment performed by Andrea Maria Guarino. ..................uee.. 52
Figure 20. Left, Predicted secondary structure of NSP6. The ASGF deletion and
truncation site (at residue 157) are indicated. Right, Model of the amphipathic helix of
NSP6 according to HELIQUEST. Apolar residues are in yellow, and polar residues and
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glycine have been given different colors. The arrow indicates the hydrophobic moment
(uH = 0.409). Numbers indicate the amino acid positions of the NSP6 protein......... 53
Figure 21. Upper, HeLa cells untransfected (left panel) or expressing Myc-NSP6 were
immunostained for VAP-A or Myc. Insets show the Myc-NSP6 signal. The number
indicates the fraction of VAP-A associated with the NSP6 structures. Mean + SD.
Middle, HeLa cells expressing Myc—NSP6 (inset) and/or Flag—NSP6(1-157). The
fraction of NSP6 (1-157) associated with NSP6 structures is indicated. Mean =+ s.d.
Bottom (left), Model of the F220Q/T222W NSP6 mutant helix (uH = 0.191) according
to HELIQUEST. Mutations that abolish the amphipathic character of the helix are in
red. Bottom (right), HeLa cells expressing GFP-NSP6 F220Q/T222W mutant. Scale

Figure 22. Left, Inmunoprecipitation (IP) and western blot (WB) from GFP-NSP6 and
HA-NSP6 co-expressing cells. Right, Cell lysates (input) and immunoprecipitates (IP,
with anti-HA or anti-Flag antibodies) from HeLa cells, untransfected or expressing the
indicated NSPs were analyzed by western blot with anti-HA, anti-Flag, or anti-GFP
antibodies as appropriate. Images are representative of three independent experiments.
Experiment performed by Giuseppe Di Tullio..........cveveeeeeieecciiiiiieeeeeeeecciiiieeeeeeennn 55
Figure 23. Left, Fluoromicrographs of HeLa cells expressing GFP-NSP6(1-157) alone
or with mCherry-NSP6. Right, Cell lysates (input) and immunoprecipitates (IP, with
anti-HA or anti-Flag antibodies) from HeLa cells, untransfected or expressing the
indicated NSPs were analyzed by western blot with anti-HA, anti-Flag, or anti-GFP
antibodies as appropriate Scale bar, 10 um. WB experiment was performed by Giuseppe
DI TUIO. 1ttt ettt et e et e st e e s bt e e et e e sabeeesabeeeeanes 56
Figure 24. Stably transfected Flag-NSP6 clone induced with doxycycline and treated
with DMSO or K22 for 24 h. K22 reduced the number of NSP6 structures and resulted
in elongated structures in a percentage of the cells (right panel, number of cells
exhibiting these structures. Mean = SD). Two-tailed unpaired t-test with Welch’s
correction. Scale bars, 10 um. Experiment performed by Laura Giaquinto. .............. 57
Figure 25. Immuno-CLEM of HA-NSP6-expressing cells treated with K22 for 24 h.
Right, Fluoromicrograph showing NSP6 (anti-HA immunostaining) in elongated
structures (arrows 1, 2) close to the nucleus (asterisk). Scale bars, 7.5 um, inset 200 nm.
Experiment performed by Lena Polishchuk. ..........cccceviiiiiiiciiiiiiiieieeeeeiieeeeen 57
Figure 26. Left, Radial layout of a phylogenetic tree of 3,508 SARS-CoV-2 genomes.
VOCs are indicated, and the percentage of each genome containing ASGF is reported.
Black branches highlight the appearance of the deletion. Right, Mutations are involved
in the branching and specificity of each VOC. Arrows, the appearance of the ASGF, and
mutations in the spike (S) protein. Experiments were performed by Francesco
PANATICILO. c..evviee ettt ettt e e e e et e e e et e e et a e e e e nrreeeeennaaeens 58
Figure 27. Left, Time course analysis of stably expressing Flag—NSP6 or Flag—
NSP6(ASGF) cells induced with doxycycline. Fluoromicrographs at 3-5-8-24 h. Right,
Quantification of the NSP6-structures. Upper number and areas of NSP6-positive
structures. Bottom, NSP6 in structures as a percentage of the total NSP6 in the cell
(mean + s.e.m.). Scale bars, 10 um. Experiments were performed by Laura Giaquinto.
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Figure 28. Cell lysates (input) of cells expressing GFP-NSP6 with HA-NSP6, or
GFPNSP6 (ASGF) with HA-NSP6(ASGF), were immunoprecipitated (IP) with anti-HA
antibody and analyzed by western blot with anti-HA and anti-GFP antibodies. The graph
shows the co-IP efficiency of NSP6 (ASGF) relative to NSP6, which was set as 1. Mean
+ SEM, Two-tailed unpaired t-test with Welch’s correction. Experiments were
performed by Andrea Maria Guarino and Giuseppe Di Tullio. ...............ooeeeeei. 60
Figure 29. Doxycycline-induced clone expressing Flag-NSP6 (ASGF) treated with
DMSO or K22 for 24 h. A number of NSP6 structures (middle panel) and cells with
elongated NSP6 structures (right panel) induced by K22. The number indicates the
percentage (Mean + SD) of cells exhibiting the elongated structures. Single values are
plotted, Means £ SEM is shown, and a two-tailed unpaired t-test with Welch’s
correction. Scale bars, 10 um. Experiments were performed by Laura Giaquinto......60
Figure 30. EM (Upper) and IEM (Middle) anti-HA immunolabelling of HA-
NSP6(ASGF)-expressing HeLa cells. White arrowheads, linear zippered ER structures;
black arrowheads, circular zippered ER structures. The regular ER is shown in green.
Upper (Right), Morphometric analysis of IEM images. Quantification of gold particles
at zippered ER. Middle (Right), the surface area of zippered ER normalized for the total
number of gold particles. Bottom, Immuno-CLEM of cells expressing HA-
NSP6(ASGF) with inset. and IEM, in which arrows 1-4 indicate overlap of the
fluorescent an immuno-gold signals in the zippered NSP6-positive-structures. g,
magnification of the structure indicated by arrow 1. Scale bars, 250 nm; 3.7 um; 480
nm; 250 nm. Unpaired two-tailed t-test. Experiments were performed by Roman and
Lena POLISNCIUK. .....eeiiiiiiieeeiiiee ettt e e e e e e eneeee s 61
Figure 31. Upper, Fluoromicrographs of HeLa cells expressing YFP-Cb5 with HA-
NSP3 (anti-HA immunostaining) or mCherry-NSP4. Insets merge with YFP-CbS5.
Upper (right), Western blot (WB) of total lysates from HeLa cells expressing HA-NSP3,
mCherry-NSP4, Flag-NSP6, or GFP as indicated. Actin was used as a loading control.
Middle, Fluoromicrographs of HeLa cells expressing HA-NSP3 and mCherry-NSP4.
Insets, enlargement of the boxed area. Arrowheads, NSP3/NSP4-positive structures.
Dashed lines delineate cell boundaries. Bottom, IEM of HeLa cells co-transfected with
HA-NSP3 and mCherry-NSP4. Anti-HA labeling shows gold particles decorating
DMVs, indicated by asterisks. Black arrows, ER. Inset, magnification of boxed area.
White arrows in d and e show double membranes. The average DMV size is 92 + 30
NM. Scale bars, 10 LM ......uuiiiiiiieeieecciieee e et e e e e e e et e e e e e e e eeanarraeeeaaaeens 63
Figure 32. Upper, Individual fluoromicrographs of a Calu-3 cell co-transfected with
Flag-NSP6, HA-NSP3, and mCherry-NSP4. Bottom, The enlargement of the boxed area
shows HA and Flag immunolabelling. Bottom, (right), Western blot of total lysates from
HeLa cells expressing HA-NSP3, mCherry-NSP4, or Flag-NSP6 as indicated. Actin
was used as a loading control. Scale bars, 10 WM........cceeveeeiiieeeeriiiee e 64
Figure 33. Calu-3 cells infected with early lineage and Gamma variant SARS-CoV-2.
Values represent mean NSP3- and NSP6-structure distances in nm. Scale bars, 10 pm.

To analyze the morphology of the structures detected by immunofluorescence, CLEM
was performed on cells co-expressing HA-NSP3, mCherry-NSP4, and GFP-NSP6. The
dots of NSP3-NSP4 corresponded to clusters of DMVs, while the structures of NSP6
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corresponded to zippered ER tracts, which were distinct but often close and connected
t0 DIMVS (FI@. 34). weeiiiiiiiie et e ettt ettt e et e et e e e et e e e e saaa e e e entaeeeesnnaaaeas 65
Figure 34. Left Fluoromicrograph and Right EM serial section of an HA-NSP3 +
mCherry-NSP4 + GFP-NSP6—expressing cell. Arrowheads, NSP3/NSP4 co-
localization; arrows, NSP6 compartments; black arrow, NSP6 compartment connection
with NSP3/NSP4 DMVs. Scale bars, 10 um (a); 470 nm (b). Experiments were
performed by Lena PoliShChUK..........c..vvviiiiiiiiiiiiiiiiie e 66
Figure 35. Upper Number, and distribution of NSP4 puncta in cells expressing the
indicated NSPs. Tomogram (Bottom) and three-dimensional (3D) reconstruction
showing connections of zippered ER to DMVs (white arrow and arrowhead) and the
regular ER (black arrow). Box plots represent the 25th to 75th percentiles of the data.
Scale bars, 160 nm. One-way ANOVA with Tukey’s or Emmeans posthoc test.
Tomographic analysis was performed by Roman Polishchuk. ................cccccceeeeiiin. 67
Figure 36. Upper Tomograms and 3D reconstruction showing multiple short DMV-ER
tubular connections (white arrows) in an NSP3/NSP4-expressing cell. Bottom,
Tomograms from NSP3/NSP4 and NSP3/NSP4/NSP6-expressing cells showing DMV—
ER connections (arrows). Bottom middle, Intensity profiles along the red lines., Bottom
right, Morphometry of NSP3/NSP4- or NSP3/NSP4/NSP6-expressing cells. Scale bars,
160 nm; 100 nm. Unpaired two-tailed t-test. Tomographic analysis was performed by
Roman POliIShChUK. .....ccuiiiiiiieiiiiee e 68
Figure 37. Upper, Tomographic slice of a HeLa cell expressing HA-NSP3/mCherry-
NSP4 or HA-NSP3/mCherry-NSP4/Flag-NSP6, showing DMV clusters with regular
round DMVs (white arrows) and large and elongated DMVs (black arrows). Upper
right, Length of DMV-ER tubular or zippered connections in NSP3/NSP4 or in
NSP3/NSP4/NSP6-expressing cells, respectively. Single values are plotted. Medians
are shown (n > 14 connections), two-tailed unpaired t-test. Middle graph, DMV
densities were calculated in tomograms as the number of vesicles per um3 in a volume
occupied by a DMV cluster; Single values are plotted, Median is shown, and a two-
tailed unpaired t-test. Bottom graph, Frequency histograms of DMV diameter measured
from tomograms of cells expressing NSP3/NSP4 (average diameter 80.87 nm) or
NSP3/NSP4/NSP6 (average diameter 67.50 nm). Nonparametric Kolmogorov-Smirnov
(KS) test. n>135 wvesicles. Scale bar, 180 nm. Experiment performed by Roman
|20 T 1T 1 SRR 69
Figure 38. Upper, HeLa cells transfected with HA-NSP3 and mCherry-NSP4 for 5 h
were further transfected or not with Flag-NSP6 and treated with DMSO or K22 (40 uM,
16 h) followed by immunostaining as indicated. Bottom, Quantification of the number
of NSP4 puncta/cell. Single values are plotted. The median value is shown. One-way
ANOVA test with Tukey’s posthoc. ns, not significant. Scale bar, 10 um. ............... 71
Figure 39. CLEM analysis of K22-treated cells. Upper, Fluoromicrograph of HeLa cell
expressing HA-NSP3, mCherry-NSP4, and Myc-NSP6. The inset corresponds to the
boxed area and shows NSP3/NSP4-positive structures (arrows) close to the NSP6
compartment (arrowhead). The NSP6 compartment corresponds to a circular zippered
ER structure (arrowhead) close to but not connected with the NSP3/NSP4 puncta that
correspond to DMVs (arrows). The empty arrow indicates a tubular connection of a
DMV to the regular ER (magnified in the inset). Middle, Ultrastructure of DMV clusters
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in K22-treated cells expressing HA-NSP3, mCherry-NSP4, and Myc-NSP6. Serial
sections show a DMV cluster with irregular elongated DM Vs (black arrows). The empty
arrow indicates a tubular connection of a DMV with a regular ER. Bottom,
Morphometric analysis of serial sections from untreated (NT) and K22-treated cells to
quantify the number of DMVs per cluster, DMV shape factor, and the number of tubular
or zippered connections per DMV cluster. Single values are plotted, Medians are shown,
and two-tailed unpaired t-tests. scale bar, 4.4 pm; 370 nm; 320 nm. CLEM analysis
was performed by Lena Polishchuk..............cccooeiiii, 72
Figure 40. Antiviral activity of K22. Calu-3 cells infected with SARS-CoV-2 without
(left panels) or with (right panel) K22 treatment. Right, cells were immunostained for
dsRNA and NSP6. Nuclei were stained with DAPI. Scale bar, 20 um. Experiment was
performed by Patricia BOZZa...........ccocviieieiiiiie ettt 73
Figure 41. Upper, Tomogram and 3D reconstruction of an NSP3/NSP4/NSP6(ASGF)-
expressing cell, showing numerous zippered ER domains connected to DMVs (white
arrows) and regular ER (black arrows). Bottom, quantification of the number of ER
zippered connections per DMV cluster and number of DM Vs per cluster. Single values
are plotted, and Medians are shown. Bottom right, Frequency histograms of DMV
diameter measured from tomograms of cells expressing NSP3/NSP4/NSP6 (average
diameter 67.50 nm) or NSP3/NSP4/NSP6(ASGF) (average diameter 68.51 nm). The
histograms were analyzed using the non-parametric Kolmogorov-Smirnov (KS) test. n
> 123 vesicles. Two-tailed unpaired t-test. Scale bar, 160 nm. Tomographic analysis
was performed by Roman PolishChukK.............ccccoviiiiiiiiiiiiiiiieie e 74
Figure 42. Left, Tomograms showing zippered ER connections (arrows) to DMVs in
Calu-3 cells infected with early lineage and Gamma variant SARS-CoV-2. Right,
Length of zippered ER connected to DM Vs in infected cells (N = 10, n > 20), and from
early lineage™ (Bavpat1/2020) data in EMPIAR-10490 (29 tomograms). Scale bars, 200
um. EM analysis was performed by Roman PolishchuK..............cccovvvveeiiiiiniicnnnnneen. 75
Figure 43. Fluoromicrographs of HeLa cells expressing Flag-NSP6-C80 (i.e., the last
80 amino acids of NSP6. Anti-Flag antibody and staining for LDs using BODIPY C12.
Insets, enlargement of boxed areas. Arrowheads, colocalizing structures. Scale bars, 10
LU, ¢ttt enitteee e ettt e e eeataeeeeeeaesaeeeeasssaeeeassassaeeasssseeeaanssaaeeeansseeeeessseaeeansssaeeeassaeeeaanns 76
Figure 44. NSP6-C80 mutated in residues that abrogate the amphiphilic properties of
the AH fail to associate with LDs. Cells were immunostained with anti-Flag Ab (green)
and BODIPY-DA-C12 (red). Scale bars, 10 [M. ....cccuvvieeeiiiieeeeiiieeeeciieeeeeiieeee e 76
Figure 45. Left, HeLa cells expressing the indicated NSPs stained with BODIPY-488
for LDs (green). Insets, enlargement of the boxed area; arrowheads, LDs close to ROLS
(left) to NSP6 (right). Bottom panels and green circles delineate the position of LDs.
Right, the Distance of LDs from NSP4 and NSP6 puncta was measured in whole cells
expressing the indicated NSPs. LD to NSP4 puncta. Scale bars, 10 pm, Box plots
represent the 25th to 75th percentiles of the data (center line, median; whiskers, minima,
AN MAXIINA).101eeeeeeeeeeeeiirreeeeeesesieorreeeeeeseasessnsreeeeeesssasssssssseeesesasssssssssseeesssssnssnes 77
Figure 46. HeLa cells expressing GFP-DFCP1 alone or with mCherry—NSP4 + HA-
NSP3 + Flag-NSP6. Arrowheads, DFCP1 signal in the NSP6 compartment. Bottom,
Individual fluoromicrographs and merge of cells co-expressing GFP-DFCP1, mCherry-
NSP4, and HA-NSP3 (anti-HA immunostaining). Scale bars, 10 um........................ 78
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Figure 47. Fluoromicrographs of cells co-expressing GFP-DFCP1 and Flag-NSP6(1-
157). Scale bar, IO, ......ccccuvieeeeiiiieeeeieeeeeeieeeeeereeeeesareeeeesareeeeesasaeeessnaeeeennns 79
Figure 48. Fluorescent images of HeLa cells transfected with the indicated DFCP1
mutants alone or in combination with NSP6 (as shown). A schematic representation of
DFCP1 mutants is reported on top. Arrowheads, DFCP1 signal in the NSP6
compartment. Insets, an enlarged merge of boxed areas. Numbers indicate the
percentage of colocalization between DFCP1 mutants and NSP6. Mean = SD. Scale bar,
TOLUNL 1ttt ettt e e e e ettt e e e e e e e ettt e eeeeeeeeesntbaseseaeeeeeaannssbasaaaaeeesannnes 80
Figure 49. Fluorescent micrographs of cells expressing mCherry-DFCP1 and Flag-
NSP6 treated with SAR405 or wortmannin. Anti-Flag immunostaining. Scale bar,
TOLUTL. ©oeeeiiiieee ettt e ettt e e ettt e e e et e e e e e ataeeeeeaaaaeeeesaasaeeeassseeeaassseeaesnsseeeesssseeenanns 81
Figure 50. Left, LD staining (BODIPY-488, green) of control (mock-transfected) and
DFCP1-knockdown (DFCP1-KD) cells expressing mCherry—NSP4 + HA-NSP3,
mCherry—-NSP4 + HA-NSP3 + Flag-NSP6 or non-transfected (NT). Insets, mCherry—
NSP4 fluorescence (red), and anti-Flag immunostaining (blue). Middle, Graph,
quantification of LD area in cells. Values are normalized to the NT-cells in either the
control or the DFCPI1-KD condition. Right, Number of NSP4 puncta per cell in
mCherry—-NSP4 + HA-NSP3 + Flag-NSP6-transfected cells without (control) or with
DFCP1-KD. Wilcoxon test; unpaired two-tailed Mann—Whitney test. NS, not
significant. Box plots represent the 25th to 75th percentiles of the data (center line,
median, whiskers, minima, and maxima). Scale bars, 10 m. ...........cccceeevveeeeennennn. 82
Figure 51. NSP6-induced zippered connectors are cues and organizers for NSP3/NSP4-
induced DMV formation acting as selective communication tracks with the ER. In
addition, the connectors might also serve as fast tracks to refurbish the actively growing
subpopulation of DMVs with lipids derived from LDS. .........ccooveeiiiiiieeeeeeeennnneeen. 92
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